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In an effort to convey significance, it may be tempting to attach a dollar value to the 
benefits of tidal marshes. Under a calculation by Costanza et al., 1997, adjusted to the 2007 
dollar, this value would be $14,397 ha-1 yr-1 based on a summation of several ecosystem services 
marshes provide. A fault in this methodology, of course, is that to attach just one value for all 
tidal marshes, you are trivializing the intricacies in both time and space. To put it in economic 
terms, it would be quite near impossible to capture all the synergies tidal marshes provide. Yet, 
with more continuous scientific data and further analysis across temporal scales, we can get 
closer and closer to understanding the complexity of marsh carbon cycling and how it relates to 
earth’s future.  
 
This study is part of a three-year project funded by NASA’s Carbon Cycle Science 
Program: ‘Tidal wetlands as sources and sinks of carbon in a changing world: Remote Sensing, 
Measurements & Modeling of Wetland-Ocean-Atmosphere Interactions.’ We are well aware of 
the benefits that brackish tidal marshes provide to ecosystems and coastal communities, and 
much work has been done on trying to understand how altered they will become in the face of 
human-induced climate change. Marshes are complicated systems because they incorporate 
many different facets of earth science: they are both terrestrial and aqueous, sitting as an 
intermediate between land and water. We know marshes play an important role in global carbon 
cycling due to their productive vegetation on land that promotes carbon sequestration in soils. It 
has also been well supported that due to their interactions with tidal water bodies, marshes 
contribute to the heterotrophic nature of estuaries by laterally transporting dissolved organic 
carbon (DOC) of terrestrial origin. There is a need to better understand the temporal variability 
of this flux of DOC from marshes to estuaries in regard to tides, seasons, and extreme weather 
events, as well as a better characterization of estuarine and marsh interactions pertaining to 
additional water quality parameters. Two specific objectives drive the research for this thesis:  
 
1) Assessing the capability of retrieving DOC concentrations (a biogeochemical variable) at 
marsh-estuary interfaces based on water optical properties measured in situ; and  
2) Characterizing the temporal variability of marsh-estuary DOC exchanges, across a range 
of scales from diurnal to seasonal and inter-annual.   
 
To address these objectives, we used two multiparameter sondes: one deployed in a tidal 
marsh creek, and the second deployed further into a sub-estuary, with both instruments taking 
continuous measurements in situ. These two end-members allowed us to understand this system 
spatially, and with measurements every 15-minutes throughout the year, we could understand 
different timescales. While this study focuses on a specific marsh site in Edgewater, Maryland, 
techniques and characterizations developed here will help in scaling-up to additional temperate, 
brackish, tidal marshes and coastal regions. A good temporal understanding of the 
transformations occurring at the marsh-estuary interface will allow for improvements in coastal 






2. a. Marsh benefits: past, present, and future 
 
If you were to go back in time three hundred years ago, you may be surprised to see 
livestock roaming your local marsh. Historically, salt marshes were economically important to 
farmers because they provided a space for livestock to graze, and salt marsh hay was amply 
harvested (Gedan et al., 2009). While this still occurs in both developed and less developed 
nations, marshes today are often viewed as important economic resources for resource extraction 
related to fisheries rather than marsh hay. Marshes can lend protection to young fish and 
shellfish, providing them a place to grow and develop without the threat of larger predators 
(Barbier et al., 2011). In the Gulf of Mexico, it is estimated that marshes are responsible for 66% 
of shrimp and 25% of blue crab production. When monetized, the salt marsh benefit to 
recreational fishing is estimated to be $6,471 acre-1 for the east coast of Florida and $981 acre-1 
for the west coast of Florida (Barbier et al., 2011).  
 
Marshes are important for protection from storm surge by lessening the height and 
velocity of incoming waves: their vegetation aids in water uptake when compared to a mudflat 
that is un-vegetated (Barbier et al., 2011). This can be significant in reducing hurricane damage. 
The marsh value of protecting from hurricane damage has been quantified for the Gulf Coast and 
the Eastern U.S. Atlantic Coast by Costanza et al., 2008. The mean value across these U.S. states 
was found to be $8,236 ha-1 yr-1 per state, while the median was $3,228 ha-1 yr-1 per state 
(Costanza et al., 2008). This variability reflects the total number of wetlands per state, as well as 
how much infrastructure these states have that would be vulnerable to storm events. New York 
State has fewer wetlands than Louisiana, but its infrastructure would be highly susceptible to 
storm damage. So, New York’s average wetland value was highest at $51,107 ha-1 yr-1. Marshes 
in Maryland, the state at the focus of this study, had an average storm protection value of $510 
ha-1 yr-1 (Costanza et al., 2008). Marshes also serve as a natural filtration system, where 
sediments can get deposited, including excess nutrients and pollutants, as their grasses create 
friction for marsh surface overflow (Barbier et al., 2011). This filtration mechanism can benefit 
ecosystems in adjacent water bodies, such as seagrass, by protecting them from excess sediment 
input (Barbier et al., 2011). A 1985 study in Louisiana evaluated how a wetland area of 570 acres 
could function as a receiving area for wastewater discharge. Over a 1,600-m course from the 
effluent pipe to the outflow location, the marsh site helped reduce nitrates by 72-85% and 
phosphates by 31-76% and these services were equated to a water treatment value of $785-885 
acre-1 (Breaux et al., 1995).  
 
Globally, these marshes serve an important ecosystem service of sequestering millions of 
tons of carbon a year, due to their abundance of productive vegetation that uptake carbon dioxide 
during photosynthesis combined with their anaerobic soils that lessen microbial breakdown of 
organic matter; this sequestered carbon gets moved from short term carbon cycling of 10-100 
years to long-term carbon cycles of thousands of years (Barbier et al., 2011). The soil gets 
replenished with organic matter from decaying vegetation. The accretion of marsh peat vertically 
is a balance that is dependent on the amount of input from plant productivity and the amount of 
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organic matter that is getting decomposed (Gedan et al., 2011). This long-term storage of carbon 
can be observed directly in marsh sediment cores. For example, sediment cores taken in the 
Piermont Marsh, located along the Hudson River 40 km north of the southern tip of Manhattan, 
New York, depict peat depth of 13.7 m and basal age, based on 14C dating, of 5,700 years (Peteet 
et al., 2006).  
 
 Global wetland carbon sequestration rates are difficult to quantify because sedimentation 
rates can vary greatly for different marsh sites, and even greatly over time for one specific 
location. For example, analysis of a Piermont Marsh sediment core reveals that over the past 
~1,500 years, sedimentation rate ranged from 0.03 cm yr-1 to 0.29 cm yr-1 (Pederson et al., 2005). 
In tidal systems, soil carbon sequestration is primarily a result of burial caused by sea level rise 
(Bridgham et al., 2006). For U.S. tidal marshes, it has been estimated that the rate of soil carbon 
accumulation is 2.2 Mg ha-1 yr-1, with this material consisting of both allochthonous and 
autochthonous matter (Bridgham et al., 2006). Based on national wetland inventories, Bridgham 
et al., 2006, estimated that in North America, wetlands contain a carbon pool that is 220 Pg, 
while this global pool is 529 Pg; of the North American carbon in wetlands, 98% is in the soil 
(Bridgham et al., 2006). Specifically, estuarine wetlands in North America sequester 10.2 Tg C 
yr-1; this rate is about 10-times higher per area than other wetland ecosystems. High 
sedimentation rates and constant burial from increasing sea levels can account for this (Bridgham 
et al., 2006).  
 
 While this sea level increase does promote carbon burial for estuarine wetlands, 
according to the 2007 Intergovernmental Panel on Climate Change report, from 2000 to 2080, 
33% of coastal wetlands will be lost if there is a 36 cm increase in sea level. Marshes can resist 
harm from sea level rise as they vertically accrete more sediment, but there is a threshold at 
which the rate of sea level rise is too fast for this sedimentation to keep on pace (IPCC, 2007). If 
marshes do get inundated by rising sea levels, and are consequently drowned, the carbon that has 
been stored for thousands of years will be released to these coastal water bodies. Marshes along 
the eastern coast of the U.S. could be particularly threatened based on sea level rise projections. 
Climate models predict that a cumulative increase in CO2 concentrations will cause a weakening 
of the Atlantic Meridional Overturn Circulation, and this would lead to faster rates of sea level 
rise on a centennial scale in the Atlantic Ocean, in comparison to the Pacific Ocean (Krasting et 
al., 2016). High marshes could be more susceptible than low marshes to drowning: plant 
productivity in low marshes could increase to a certain extent with increased inundation, and this 
amplified marsh plant productivity could aid in the marsh becoming more stabilized (Gedan et 
al., 2009). Marsh plants are effective engineers, which explains how they have survived in tidal 
zones for thousands of years. Marsh plants establish feedback loops both above and 
belowground, for example deposition is high in low marshes when inundation occurs for long 
periods of time (Kirwan and Megonigal, 2013). Rising sea levels could also cause marshes to 
retreat and expand into adjacent forested lands. Increased coastal eutrophication is another area 
for future attention; it would seem that increased nutrients would increase productivity and thus 
marsh elevation, however, varying results have been found in different marsh systems (Kirwan 
and Megonigal, 2013). 
 
It is estimated that 50% of original global salt marshes have been lost completely or 
degraded as a result of human impact (Barbier et al., 2011). The very make-up of these marsh 
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systems leaves them susceptible to human interference and development: they can be reached by 
land or water, they are low-elevation, and they do not generally contain rocks (Gedan et al., 
2009). Human desire to better control hydrology through dams and dikes can cause harm to 
marshes by depriving them of the sediment they need, leading to marsh subsidence (Gedan et al., 
2009). Dams, globally, prevent 20% of sediment from reaching coasts (Kirwan and Megonigal, 
2013). In many coastal cities, marsh systems were completely eliminated to make way for 
industrial projects. The port of Marseilles, France, resulted in 7,000 ha of marsh loss beginning 
in 1965. In New England, 39% of all marshes were lost since the 1800’s. In New Jersey, the 
Hackensack Meadowlands salt marshes were used as a location for waste disposal and then 
approximately 2,000 ha of the marsh area was ultimately developed for sports, transportation, 
and communication purposes. New York City and Boston saw marshes lost for airports (Gedan 
et al., 2009). This development in the United States has lessened since 1970 due to increased 
appreciation and advocacy for marshes and the benefits they bring their communities, but in Asia 
marshes continue to be destroyed in order to accommodate growing populations and coastal 
development (Gedan et al., 2009). 
 
Marsh plants not only ensure a continuation of substrate growth in the vertical direction, 
but they provide important stabilizing forces that help shorelines resist erosion in low wave 
energy zones (Gedan et al., 2011). Plant die-offs associated with the BP Deepwater Horizon oil 
spill in the Gulf of Mexico led to marsh-edge erosion (Kirwan and Megonigal, 2013). This coast 
stabilizing mechanism of marsh plants has led to controversial management decisions to 
introduce invasive species, such as the Spartina species in China, which then has caused native 
plants to be outcompeted (Gedan et al., 2009). Many invasive species came into prevalence due 
to accidental introduction from ship ballast water. Pollen analysis of sediment cores in the 
Hudson River reveals abundance of Typha species beginning with 18th century European 
presence (Pederson et al., 2005). With increased awareness on the services marshes provide for 
estuarine ecosystems and coasts, marsh restoration campaigns have been established; a 
prominent technique to these restoration projects is revegetation (Broome et al., 1988). These 
revegetation campaigns are important, but for them to be successful, there needs to be a full 
understanding of how these tidal marshes behave naturally. 
 
2. b. CDOM and linking optics to organic matter composition  
 
Dissolved organic matter (DOM) is defined as the subset of water that is able to pass 
through a 0.22- micron filter. DOM is comprised of dissolved organic carbon (DOC), dissolved 
organic nitrogen, and dissolved organic phosphorus. DOM is an important aspect of marine 
biogeochemistry and has implications for global climate and ecosystems. Through optical 
analysis of DOM absorbance and fluorescence, we can gain further information on DOM make-
up, which can elucidate the source and fate of the material. Colored dissolved organic matter 
(CDOM) is the portion of the DOM pool that absorbs and fluoresces light in the visible spectral 
region, making the water appear yellow or brown when high concentrations occur. CDOM 
absorbs strongly in the ultraviolet and blue wavelengths, with a general exponential decrease in 
absorption with increasing wavelength, and no absorption in the red wavelengths (Bricaud et al, 
1981). CDOM is significant to the health and ecology of coastal waters because it affects light 
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penetration in the water column. CDOM can help promote primary productivity by protecting 
phytoplankton from harmful UV radiation, but can also limit photosynthesis deeper in the water 
column by absorbing too much of the visible blue light available (Stedmon et al., 2000; Del 
Vecchio and Blough, 2004). Because of its strong impact on ocean color, CDOM can be 
measured remotely from sensors on different platforms (ground-based, shipboard, aircraft, and 
satellite), providing an opportunity to study organic matter dynamics across systems and spatial 
scales, even from space (Mannino et al., 2014).  
 
Characterizing DOM by its fluorescence (FDOM) can present accurate information on the 
source of DOM, its biological reactivity, and redox state (Fellman et al., 2010). Fluorescence 
refers to a molecule absorbing energy, leading to an electron being excited and moving to a 
higher energy level; following the return of this electron to its ground state, energy is displaced 
as fluorescence. Different molecular structures will have different excitation and emission 
wavelengths that fluoresce (Fellman et al., 2010). Two fluorescent groups of DOM are proteins 
and humic substances, with humic substances encompassing more of the DOM pool found in 
natural waters and consisting of compounds such as lignin, tannins, polyphenols, and melanins 
(Fellman et al., 2010). These humic substances are generally aromatic in nature and have 
emission at long wavelengths (Fellman et al., 2010). Protein-like fluorescence can be correlated 
to amino acids such as tryptophan, tyrosine, and phenylalanine (Fellman et al., 2010).  
 
Riverine and estuarine systems are important for connecting the terrestrial environment to 
the open ocean; about 1014 g yr-1 of DOM from terrestrial ecosystems will end up in the world’s 
oceans (Boyd and Osburn, 2004). Yet, in the open ocean, there is very little terrestrial signature 
in the DOM, indicating that the allochthonous terrestrial DOM is getting degraded or utilized 
during transport (Boyd and Osburn, 2004). In addition to allochthonous DOM that contain 
humic-like fluorophores from terrestrial sources, there can be autochthonous DOM resulting 
from primary production that contains more protein-like fluorophores (Yamashita et al., 2008). 
This autochthonous DOM can also be related back to riverine flow, because rivers could be the 
source of nutrients promoting the phytoplankton blooms to begin with (Yamashita et al., 2008). 
The source of the DOM can ultimately affect how it is degraded within the estuary. Terrestrial, 
humic DOM has been known to be more vulnerable to photodegradation by ultraviolet light, but 
more resistant to microbial degradation (Romera-Castillo et al., 2011). The DOM that is exuded 
from marine phytoplankton is more bioavailable to degradation by bacteria, and then these 
bacteria exude DOM that is more humic-like (Romera-Castillo et al., 2011).  
 
Del Vecchio and Blough, 2004, investigated the optical properties of humic substances to 
reject the notion that humic substances are simply a result of the additive superposition spectra of 
individual, non-interacting, chromophores, resulting in the appearance of the featureless 
exponentially decreasing absorption spectra. Instead, they proposed that what is occurring is 
more complicated: there contains a few different, but related, chromophores that do interact with 
one another electronically, and this leads to the optical transition which manifests as the long 
extension that can be seen further into higher visible wavelengths (Del Vecchio and Blough, 
2004). This theory can be supported by the fact that understanding the chromophores as separate, 
but additive could not adequately explain the rates of reactions occurring during photobleaching 
of samples (Del Vecchio and Blough, 2004). Rather, they suggested that there are 
polyhydroxylated aromatic electron donors (lignin, phenols) and quinoid (oxidized aromatics) 
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acceptors, and it is these donor-acceptor interactions that are leading to broad absorption bands 
we are witnessing in the spectra (Del Vecchio and Blough, 2004).  
 
CDOM absorption spectra not only reveal important information about the concentration 
of CDOM, but also about the quality of CDOM. The spectral slope (S) indicates how fast 
absorption decreases as wavelength increases, and different spectral slope parameters have been 
reported in the literature depending on the spectral range of absorption measurements over which 
they have been estimated. In a study by Tzortziou et al., 2008, S values have been estimated 
using the full spectral range of measurements from 290 nm to 750 nm (S290-750), and they found 
that summer and early fall S290-750 values from the Rhode River sub-estuary in Maryland were 
significantly different for marsh exported CDOM (low tide) compared to estuarine CDOM (high 
tide), with average values of 0.0149 nm-1 for low tide and 0.0168 nm-1 for high tide. Another 
optical quantity, the slope ratio SR, estimated as the ratio of two spectral slopes in the 275-295 
nm and 350-400 nm spectral regions, SR = S275-295/S350-400, has been widely reported in the 
literature and found to be a good proxy of photochemical versus microbial transformation of 
CDOM in coastal waters (Helms et al., 2008). The slope ratio was found to correlate with 
molecular weight (MW) of the CDOM (Helms et al., 2008). Marine samples, lower in MW than 
terrestrial samples, were found to have S275-295 > S350-400 (higher slope ratios). In the Delaware 
Bay, it was found that SR varied from 0.88 in the river, a more terrestrial source, to 1.32 at the 
mouth of the bay, a more marine source. While this spatial gradient reflects mixing from 
estuarine water, it also indicates the influence of photobleaching during the period of this transit, 
because the S275-295 and SR values at the mouth were higher than what would be expected from 
just mixing alone (Helms et al., 2008). This supports the idea that photobleaching is degrading 
high MW CDOM chromophores, leading to a pool of lower MW CDOM (Helms et al., 2008). 
 
CDOM fluorophore component analysis, spectral slope, and slope ratio all involve 
laboratory analysis of filtered water samples, however the fluorescent pool of CDOM, hereby 
FDOM, can also be measured in situ with optical sensors. Because CDOM fluorescence generally 
correlates very strongly with CDOM absorption and the concentration of dissolved organic 
carbon (DOC), high frequency, continuous in situ measurements of FDOM can be used to assess 
spatial and temporal variability in CDOM and DOC dynamics in coastal systems.  
 
2. c. Marsh carbon and its export  
 
While optical analysis provides a lot of information on the source, quality, and fate of 
CDOM, it is not a direct measurement of the concentration of carbon in DOM. Measurements of 
DOC concentration are useful to compare across studies and systems and allow for estimates of 
total carbon budgets and fluxes, as well as quantitative assessment of the impacts of coastal 
ecosystems, such as tidal wetlands, on carbon budgets.  
 
The “Outwelling Hypothesis” was introduced in 1980 and proposed that marsh and 
estuarine systems created more material than they could store or degrade, so the excess material 
was then outwelled, or exported, to coastal oceans where it would help promote productivity 
(Odum, 1980). In a compilation of studies reviewed by Childers et al., 2000, 11-of-13 salt marsh 
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systems saw that DOC was being exported from the marsh to the estuary, although the amount of 
export was variable, ranging from 15-328 g C m-2 yr-1 (Tobias and Neubauer, 2009). Childers et 
al., 2000, found that in 5-of-8 studies, particulate organic carbon (POC) was imported to the salt 
marsh from the estuary, with import concentrations ranging from 3-140 g C m-2 yr-1 (Tobias and 
Neubauer, 2009). This range in flux concentrations can be explained by variability in such 
factors as: tidal range and inundation, geomorphology, age of the marsh, below and above 
ground biomass, and groundwater input (Childers et al., 2000).  
 
 The field site for this study is the Kirkpatrick Marsh, (or, Smithsonian's Global Change 
Research Wetland, GCREW) located on the northwestern shore of the Chesapeake Bay in 
Edgewater, Maryland. The Kirkpatrick Marsh drains into the Rhode River sub-estuary via a tidal 
marsh creek. One advantage to this site is that there are previous studies related to carbon 
exchanges dating back to 1980. Tzortziou et al., 2008, found consistent variations in DOC 
concentrations across given tidal cycles for the Rhode River sub-estuary, with DOC more than 
two-times higher at low tide than high tide. Seasonal patterns were also detected with DOC 
concentrations generally highest in summer and early fall (Tzortziou et al., 2008). Fluxes of DOC 
across distinct tidal cycles revealed that fluxes were larger during ebbing than flooding tides, 
translating to a net export of DOC from the marsh to estuary. Between tidal cycles, there was 
variability in flux (several-fold) as a result of the unevenness of tides. Transects across the Rhode 
River sub-estuary during summer, showed a decrease in DOC and a decrease in CDOM 
absorption at 440 nm over a distance of ~1.5 km from the marsh tidal creek towards the sub-
estuary mouth (Tzortziou et al., 2011). Chlorophyll a showed the opposite pattern, with lower 
values in the marsh tidal creek than estuary (Tzortziou et al., 2011). When comparing the end-
members of these transects, CDOM was found to mix non-conservatively with respect to 
salinity, and this could be attributed to marsh DOM undergoing photochemical and subsequent 
microbial degradation over the 1.5 km distance; this would result in decreased DOC 
concentrations over this spatial scale (Tzortziou et al., 2011).  
 
We know that estuaries are not only receiving organic matter from marshes, but also from 
rivers, marine sources, in situ production, and anthropogenic sources (Bauer et al., 2013). DOC 
that is in estuaries can have different fates: oxidation to carbon dioxide directly as a result of 
photochemical bleaching or microbial respiration, flocculation to establish less soluble 
compounds, or can be exported to coastal open water (Raymond and Bauer, 2001). This can have 
a significant impact on the atmospheric CO2 budget, because while estuaries only comprise of 
about 0.2% of the Earth’s ocean area, they globally emit 0.2-0.4 Pg C yr-1 (Bauer et al., 2013). 
The U.S South Atlantic Bight (SAB) can be considered representative of a marsh-dominated 
heterotrophic ocean margin (as opposed to river-dominated autotrophic) (Cai et al., 2003). The 
SAB behaves as a source of CO2 to the atmosphere and a source of dissolved inorganic carbon 
(DIC) to the open ocean (Cai et al., 2003). This study is significant because it differentiates 
between rivers and marshes as a source of organic carbon, and it is found that marshes, 
themselves, are contributing to estuarine CO2 export to the atmosphere. This connection between 
marsh DOC export to estuaries, and estuarine CO2 export to the atmosphere, indicates that 
marshes are playing an important role in carbon cycling.  
 
2. d. Possible factors affecting marsh carbon and its lateral export 
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Marsh peat is anisotropic in the vertical and horizontal directions, and this is important to 
consider because within a marsh substrate, water flow is occurring both vertically and 
horizontally. Hemond and Fifield, 1982, proposed that vertical flow dominates in the marsh 
interior, while closer to the tidal marsh creekbanks, horizontal flow dominates. A study in the 
Great Sippewissett Marsh in Falmouth, Massachusetts, by Howes and Goehringer, 1994, saw 
that seepage rates between the marsh substrate and marsh creek were lower in the summer and 
spring, and higher in the winter and fall as a result of plant productivity; the hydraulic gradient 
that controls seepage is lessened because plants are uptaking more water during their growing 
seasons. Harvey et al., 1987, observed that porewater from the marsh interior makes a horizontal 
movement towards the creek. As a result, water that was first infiltrated into the marsh interior 
will eventually makes its way to the creekbank and be exported, after successive tidal cycles. 
Flow at the creek boundary is also a result of the size and density of macropores within the walls 
of the creekbanks; these macropores allow preferential flow from the creek to the marsh 
substrate that results in an immediate rise in the water table (Montalto et al., 2006). 
 
Creekbank height can also be a factor considered in evaluating porewater exchange; 
higher creekbanks were found to have drainage two-to-three-times higher than the lower 
creekbanks, across seasons (Howes and Goehringer, 1994). Harvey et al., 1987, saw that it was 
geomorphology that controlled the volume of water exported at the creekbank more-so than 
hydraulic parameters of the soil: high marshes export a larger volume of water because 
creekbank discharge can occur over longer periods of the tidal cycle. The water table fell at the 
fastest rate in the 1-m area buffering the creek, continually falling in this zone during low tides. 
The water table did not fluctuate much further inland, regardless of temporal tidal variability 
(Howes and Goehringer, 1994). These marsh geomorphology and hydrology features all have 
implications for marsh carbon export. It is important to consider how, and if, carbon contained in 
porewater from the marsh interior is ultimately making its way to marsh channel creeks, thus 
contributing to DOC export into estuaries.  
 
Hydrologic episodic events must also be considered in understanding marsh carbon 
export. A study in an agricultural watershed in central California found that DOC concentrations 
were highest following peak discharge, which was attributed to DOC being mobilized from the 
landscape (Saraceno et al., 2009). During large hydrologic events there is a shift from 
groundwater flow domination to DOM being transported from surface runoff, and this 
corresponds to higher molecular weight, more terrestrial DOM material (Saraceno et al., 2009). 
Their dataset revealed that the FDOM peak lagged behind the peak in turbidity and discharge, 
which may indicate that after a big storm event the shallow soil remains elevated in water 
content (Saraceno et al., 2009). Torres et al., 2003, conducted irrigation experiments in a South 
Carolina marsh to better understand how sediments in high and low marshes were mobilized by 
rainfall. For rainfall events occurring during low tide, 10-times more sediment was shown to be 
mobilized in low marshes and from the channel bank, than from high marshes (Torres et al., 
2003). This material that was being removed from the substrate through rain events was 
generally more enriched in organic matter than the substrate as a whole (Torres et al., 2003). 
This work signifies that episodic rain events could have a prominent effect on marsh carbon 
export and marsh sediment export.   
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Wetland vegetation must be evaluated to determine how it affects carbon pools. Different 
tidal marsh systems have different dominant forms of vegetation, and even within one given 
marsh there are often zonation patterns with numerous species present. Hydrology is thought to 
be on major control on marsh vegetation type and distribution. The tidal energy subsidy was 
proposed in 1980 and suggested that tidal variation and extent helped to dictate plant 
productivity, which accounted for variations in productivity within a marsh and between marsh 
systems (Odum, 1980). For a salt marsh in southern Louisiana, Spartina alterniflora distribution 
was documented; the average ratio of root and rhizome biomass to shoot biomass was found to 
be 2.6:1, so depicting more belowground than aboveground biomass (Darby and Turner, 2008). 
Darby and Turner, 2008, also found seasonality to this biomass distribution, where the 
belowground biomass increased from July to September and then decreased from November to 
February. Biomass of the marsh substrate is important to take into consideration for carbon 
fluxes because it provides fresh sources of carbon. The question then emerges of how to 
determine how much of this carbon from biomass is buried for long-term storage versus how 
much is available for export, and what controls this differentiation? Vegetation structure can also 
have a control on carbon pools. The solid biomass of Phragmites australis is recalcitrant and 
contains high lignin concentration, but Corbett et al., in preparation, has found that porewater 
from marsh zones dominated by Phragmites australis has more labile DOC than native 
vegetation sites. Priming may be responsible for this:  root growth and decomposition supply 
electron donors in the form of organic carbon that encourage microbial activity in the soil 
(Bernal et al., 2016). The direct coupling of marsh vegetation, DOC pools, and DOC export is an 




3. a. Study region and in situ data collection 
 
This work is part of a three-year project funded by NASA’s Carbon Cycle Science 
Program: ‘Tidal wetlands as sources and sinks of carbon in a changing world: Remote Sensing, 
Measurements & Modeling of Wetland-Ocean-Atmosphere Interactions.’ The study site at the 
focus of this work is the Kirkpatrick Marsh, or Smithsonian Global Change Research Wetland 
(GCREW), located in Edgewater, Maryland (38.8741° N, 76.5481° W). The Kirkpatrick Marsh 
contains a prominent tidal marsh creek that drains an area of 0.03 km2 into the Rhode River, a 
sub-estuary on the northwestern shore of the Chesapeake Bay, the largest estuary in the U.S. The 
Rhode River is turbid, eutrophic, experiences a semi-diurnal tidal forcing and receives freshwater 
input from the Muddy Creek. The mean tidal amplitude within the sub-estuary is 0.3 m, with a 
water depth average of 2-m within the sub-estuary and 4-m near its mouth. The Muddy Creek 
contains a watershed of 2,300 ha with land use comprising: 62% forest, 23% croplands, 12% 
pasture, and 3% freshwater swamp as of 1986 (Jordan et al., 1986). Salinity values at the mouth 
of the Rhode River sub-estuary range from 5-20 psu and from 0-14 psu at its head (Tzortziou et 
al., 2011). The Kirkpatrick Marsh can be characterized as a brackish, tidal, high-elevation marsh 
that is 0.4-0.6 m above mean low water (MLW). The Kirkpatrick Marsh is entirely inundated 
with water 2% of the time (Jordan and Correll, 1991). It contains various vegetation types, which 
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include: Spartina patens, Spartina cynosuroides, Distichlis spicata, Iva frutescens, 
Schoenoplectus americanus, and Phragmites australis. Its soils are greater than 80% organic up 
until about a depth of 5-m (Tzortziou et al., 2011). The Kirkpatrick Marsh is a typical temperate 
marsh of its classification, and therefore approaches and results from this site could be applied to 
similar marsh systems. The instruments for this study were primarily deployed at the weir 
draining the Kirkpatrick Marsh ("GCREW" on Figure 1). The second sampling location was at 
the Smithsonian Environmental Research Center (SERC) Dock ("Dock" on Figure 1). This 

















Figure 2: Schematic of 












Figure 3: Marshes and estuarine water surrounding the Kirkpatrick Marsh. Location of the 
Kirkpatrick Marsh is shown in relation to the Chesapeake Bay on the bottom right.  
 
3. b. Water sample handling and measurements  
 
Beginning in November 2014, in situ data collection for this project began at GCREW. 
Monthly—ice-free conditions permitting—water was collected every hour for a 24-hour period 
using a Teledyne ISCO-3700 series automatic water sampler. This sampling over a 24-hour 
period allows for analysis over two full tidal cycles, and the collected water samples were 
measured for several parameters. For optical analysis of CDOM and DOC, water samples were 
first filtered through a Whatman GF/F 0.7-micron filter, and then were subsequently filtered 
through a 0.2-micron filter; this is the recommended filtering protocol from Cao et al., 2016. 
Samples were filtered within 24-hours of collection and run for optical analysis within 7-days of 
filtering. Samples were stored in a dark fridge post-filtering and pre-optical analysis. Before 
being run for optical analysis, samples were brought to room temperature.  
 
Absorbance measurements were run on a Cary UV-VIS Spectrophotometer, with samples 
being run in duplicates. Fluorescence measurements were run on the FluoroMax 
Spectrofluorometer. Excitation was measured in 5 nm increments from 240-600 nm and 
emission was measured in 2 nm increments from 250-600 nm. Fluorescence data generated from 
the FluoroMax was compiled in Excitation Emission Matrices (EEMs) and these EEMs were 
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processed and corrected for absorbance based on the Cary UV-VIS Spectrophotometer data for 
that sample, and then were corrected for Rayleigh and Raman scattering based on the deionized 
water EEM. EEMs were normalized to Raman Units. EEMs in RU were averaged over an 
excitation of 360-370 nm and an emission of 476-484 nm, corresponding to excitation and 
emission ranges of the EXO2 FDOM probe, so that comparisons could be made between the 
laboratory and in situ fluorescence measurements. DOC measurements were made in duplicates 
on a SHIMADZU Total Organic Carbon Analyzer.  
 
 A finer temporal scale of measurements was achieved using the YSI EXO2, a 
multiparameter sonde that takes continuous measurements every 15-minutes when deployed. 
Spatial scale was also improved as a result of the EXO2 sonde because two EXO2 sondes were 
often deployed simultaneously: one at the GCREW site and one 
at the Dock site, allowing for marsh and estuary end-members. 
The EXO2 sonde contains individual probes measuring: 
fluorescent dissolved organic matter (FDOM), fluorescent 
chlorophyll a (FCHL), turbidity, pH, dissolved oxygen, 
temperature/conductivity, and depth. Ports for these probes can 
be seen in Figure 4. In the center of the EXO2 there is a wiper 
that ensures that the probes stay free of debris that can build up 
during deployments. The FDOM probe is 13.1 cm long and 1.5 
cm in diameter. It is housed in a titanium-welded cylinder with a 
damage-resistant sapphire lens. The benefits of using this in situ 
sensor to measure FDOM are numerous. The sensor takes 
sensitive measurements quickly and continuously, with no 
disruption to its surrounding environment. A schematic of the 
FDOM probe, provided by YSI, can be seen in Figure 5. As 
Figure 5 depicts, the sample volume, where there is an overlap 
between the ultraviolet LED excitation and the fluorescence 
detector emission, is 25 mm3. There is a 90° angle between the 
source beam and the detector. The FDOM probe has an excitation 
of 365±5 nm and an emission of 480±40 nm, and the output 
from the FDOM probe used for this study is FDOM concentration in 
quinine sulfate units (QSU). The targeted DOM substances 
based on these optical parameters are humic-like, with a peak C 
signature. Peak C substances generally have terrestrial sources, 
are high molecular weight, and are found in highest concentration in wetland and forested 
environments (Fellman et al., 2010). The EXO2 total algae probe measures chlorophyll a using 
an excitation of 470±15 nm and an emission of 685±20 nm. Turbidity is measured optically with 
an excitation of 860±15 nm. The sensor detects scattering at 90° for this near-infrared light. pH is 
measured by the EXO2 with two electrodes: one probe measures hydrogen ions and the second 
probe acts as a reference. Dissolved oxygen is measured as the sensor shines a blue light on a 
luminescent dye. A photodiode records the lifetime of dye luminescence. Temperature is 
measured with a stable thermistor. Salinity is calculated based on conductivity; conductivity is 
measured using four internal pure-nickel electrodes. Depth data from the EXO2 sensor is crucial 
for our analysis because that is what allows for continuous understanding of tidal trends. Depth is 




measured by the EXO2 sonde by calculating the pressure exerted by the water column and 








Figure 5: From YSI. This depicts a 




3. c. FDOM corrections  
 
 While there are a lot of benefits to using the in situ EXO2 FDOM sensor, the raw FDOM 
outputs (FDOM_raw) must undergo corrections for temperature and attenuation (scattering and 
absorption) of light to estimate the corrected FDOM fluorescence (FDOM_corr). Temperature affects 
the likelihood that an excited electron will return to its ground state by radiationless decay, with 
higher temperature increasing this likelihood, thus resulting in reduced fluorescence emission 
intensity (Lakowicz, 2006; Vodacek, 1989; Zepp et al., 2004). Attenuation lessens the 
fluorescence signal by reducing the signal first from the fluorometer to the sample, and then 
again from the sample back to the detector. FDOM corrections for this study were modeled after 
corrections made by Downing et al. (2012). FDOM_raw was corrected, or normalized, to a 
temperature of 25° C, which could be a temperature achieved in the Chesapeake Bay in the 
spring, summer, and fall. Previous laboratory studies have shown that there is about a 1% 
decrease in fluorescence per degree C increase in temperature (T) (Henderson et al., 2009), 
independent of the instrument used. Thus, the formula used for temperature correction is: 
 
FDOM_corr_T = FDOM_raw + 0.01 * FDOM_raw * (T-25)      (1) 
 
 Corrections were made for attenuation by suspended particles and absorbance by CDOM 
(or, inner filter effect). The corrections for attenuation are instrument-specific because they 
depend on the instrument geometry and photodetector size (Downing et al., 2012). Previous 
studies, and our own results, also suggest that the corrections are site-specific (Downing et al., 
2012). Attenuation by particles was quantified using water samples collected from around the 
brackish Rhode River sub-estuary, including GCREW, the Dock, and the Muddy Creek. 
Experiments were conducted using the calibrated EXO2 sonde, with all probes attached, but the 
essential probes were: temperature, turbidity, and FDOM. Water samples for the suspended 
sediment experiments were put in the EXO2 sonde calibration cup, which required a water 
volume of about 400 mL. Samples were collected with the goal of reaching a range of turbidities 
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for particulate matter (P) from approximately 5-1,000 FNU. To reach turbidity values in the 
hundreds, sediment from the same location was added to the water sample, shaken and left to 
equilibrate. Each water sample was filtered for 500 mL following the Cao et al., 2016, protocol 
mentioned above. At least 500 mL of the unfiltered sample was also kept. To measure the 
attenuation from suspended particles, EXO2 measurements were taken in the calibration cup, 
first with the unfiltered sample (shaken immediately before being run) and then with the filtered 
sample. The probes and calibration cup were rinsed with sample prior to measurements being 
taken. All FDOM_raw values were corrected for temperature prior to attenuation experimental data 
being analyzed to ensure that temperature differences were not altering the experimental results. 
FDOM values were compared between the unfiltered samples that contained sediment, and thus 
turbidity, and the filtered samples, where turbidity values were essentially zero. Percent 
attenuation as a result of turbidity was then calculated based on the difference in FDOM 
concentrations between the filtered sample and unfiltered sample, divided by the FDOM 
concentration of the filtered sample. A logarithmic fit was developed examining percent 
attenuation from turbidity attenuation vs. turbidity concentration. This can be seen in Figure 6. 
Based on the x-intercept, FDOM_unfiltered values with corresponding turbidity values over 5.70 FNU 
were corrected for attenuation by turbidity; FDOM_unfiltered values with corresponding turbidity 
values below 5.70 FNU were not corrected for turbidity attenuation. Ultimately, turbidity values 
over 200 FNU were made NaN’s, as were the corresponding FDOM_corr values, because data 














Figure 6: Percent FDOM 
attenuation is found based 
on turbidity (FNU) values 
for experimental data.  
 
%FDOM_P = (FDOM_filtered - FDOM_unfiltered)/ FDOM_filtered * 100     (2a) 
 
%FDOM_P = 18.104 * ln(P_measured) - 31.94      (2b) 
 
Where %FDOM_P is the % attenuation in fluorescence due to attenuation by particles in 
the water. 
  




























 Experimental data was also compiled to account for inner filter effects due to CDOM 
absorbance. Water samples collected from GCREW were filtered following the Cao et al., 2016, 
methodology. Serial dilutions were then made using a combination of the filtered water sample, 
containing CDOM, and an artificial seawater sample. The artificial seawater mixture was made 
using deionized water and Instant Ocean, with the salinity of this mixture closely matching that 
of the collected water sample. For a dilution, the first solution was 100% filtered sample, the 
second solution was 90% filtered sample and 10% artificial seawater, the third solution was 80% 
filtered sample and 20% artificial seawater and so forth down to 10% filtered sample and 90% 
artificial seawater. Each solution was measured for FDOM using the EXO2 and subsamples were 
taken out and run for absorbance on the Cary UV-VIS Spectrophotometer and fluorescence on 
the FluoroMax Spectrofluorometer for EEMs.  
 
 Data from the dilution experiments were cleaned for the removal of solution values that 
anomalously did not follow the dilution trend in respect to FDOM value. These anomalous values 
were attributed to errors in the dilutions, and were not attributed to the signal from the EXO2 
sonde, because a sample was only removed if the EEMs data over the EXO2 FDOM  excitation 
and emission range also indicated that that point was erroneous. EEMs data averaged over the 
FDOM range proved to linearly respond to dilution for all dilution tests, so an erroneous point here 
would indicate that the solution was improperly diluted. The response of the EXO2 FDOM probe 
was not linear with dilution. Absorbance data from the Cary Spectrophotometer went down to 
270 nm, however, the Downing et al., 2012, paper corrected for absorbance attenuation at 254 
nm. In order to compare our absorbance attenuation values to the Downing et al., 2012, results, 
absorbance was extrapolated to 254 nm using the absorbance at 270 nm and the spectral slope of 
CDOM absorbance between 275-295 nm: 
 
ACDOM(254) = ACDOM(270) * e-S *(254-270)  
 
Where ACDOM(270) is the measured absorbance value from the Cary Spectrophotometer at 270 
nm, and S is the measured absorption spectral slope estimated in the 275-295 nm spectral range 
(average value of -0.0143 nm-1 for our samples). 
  
 Extrapolated absorbance at 254 nm was then plotted against the temperature corrected 
EXO2 FDOM value. R2 values were then found. Since EXO2 FDOM did not respond linearly to 
dilution, it was observed how R2 changed (i.e. improved) as some of the most diluted solutions 
were removed from the series. Downing et al., 2012, found that attenuation by absorbance only 
needed to be corrected when absorbance at 254 nm was above 0.1 arbitrary units (AU). So, when 
choosing a dilution solution to correct from, it was not the most diluted sample that was chosen, 
but rather the dilution solution that had an absorbance at 254 nm value that rounded to 0.10 or 
was the closest to 0.1 without exceeding that value (i.e. 0.077 AU for one sample). Then, using 
the EXO2 measured fluorescence value at this sample dilution (usually the 20% sample or 30% 
diluted sample), we scaled up to the expected fluorescence value for the non-diluted (100%) 
sample, the 90% sample, and so on, until the measured fluorescence exceeded the expected 
value. For example, for one dilution the 20% sample dilution had a temperature corrected FDOM 
value of 34.26 QSU, so based on this, it would be expected that the 100% sample had an FDOM 
value of (34.26*5=) 171.3 QSU. Since the EXO2 measured fluorescence for the 100% sample 
was 138.29 QSU, the difference between the expected and measured fluorescence was 33.01 
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QSU. Attenuation from absorbance was then calculated based on the expected minus the 
measured fluorescence divided by the expected fluorescence. A linear fit was applied to percent 
fluorescence attenuation vs. ACDOM(254). This can be seen in Figure 7. The linear fit was also 
evaluated using percent attenuation from absorbance based on absorbance data at 480 nm, a 
wavelength that the Cary Spectrofluorometer actually measures and that falls within the emission 
range of the FDOM probe. However, for percent attenuation by absorbance vs. the absorbance at 
480 nm, the fit was worse (R2=0.181), so the experimental data based on ACDOM(254) continued 
to be used. Based on the x-intercept, FDOM values with corresponding ACDOM(254) values over 











Figure 7: Percent FDOM 
attenuation is found based 
on extrapolated absorbance 
values at 254 nm for 




%FDOM_D = (FDOM_expected - FDOM_measured)/FDOM_expected * 100     (3a) 
 
%FDOM_D = 53.246 * ACDOM(254) - 7.267      (3b) 
 
Where %FDOM_D is the % attenuation in fluorescence due to absorption by DOM in the 
water. 
 
Absorbance data is not provided in situ from the YSI EXO2 sonde, so we needed to find 
a proxy for absorbance based on the concentration of FDOM (QSU) measured by the FDOM probe 
in situ. To find this, we examined the correlation between ACDOM(254) and temperature corrected 
FDOM (QSU) for all data points used in the dilution experiments (i.e. filtered samples). A strong 
correlation (R2=0.974, N=47) was found. Based on this relationship (Figure 8), ACDOM(254) can 
be estimated to a good accuracy based on the temperature- as well as turbidity- corrected FDOM 
(FDOM_corr_T_P) (QSU).  
 































absorbance values at 
254 nm based on 
temperature 
corrected FDOM 
values of filtered 
water (no particles).  
 
 
ACDOM(254) = 0.0025 * (FDOM_corr_T_P) + 0.0122      (4) 
 
 In a serial manner, the temperature corrected FDOM data is first corrected solely for 
turbidity. Then, the temperature and turbidity corrected FDOM data is also corrected for 
absorbance, where the fully corrected dataset is achieved. The absorbance corrections are applied 
to the temperature and turbidity corrected FDOM values because the absorbance corrections were 
found based on filtered water samples that contain CDOM, but no suspended particles. So, the 
corrections for absorbance should be based on FDOM values that are not affected by attenuation 
from particle scattering and particle absorbance.  
 
 rp = 1 - (%FDOM_P /100)         (5) 
 rd = 1 - (%FDOM_D /100)        (6) 
 
 FDOM_corr_T_P = FDOM_corr_T/rp        (7) 
 
 FDOM_corr_T_P_D = FDOM_corr_T_P/rd          (8) 
 
 
3. d. Separating data by tidal stage  
 
 In an effort to understand tidal variability of EXO2 parameters at GCREW for all EXO2 
deployments, a script was created to extract high and low tide data points. To do this, 
deployments of the EXO2 were broken up into segments of 12-hours, where for this diurnal tidal 
system- there should be one high and one low tide during this period. The EXO2 takes 
continuous measurements every 15-minutes, so these 12-hour segments would comprise of 48 
measurements. Depth data from the EXO2 sonde was then smoothed over this time segment 
using a moving average filter in Matlab. Local minima and maxima were found over the tidal 
cycle. If multiple local minima or maxima were detected, then the minimum local minima was 
chosen and the maximum local maxima was chosen. This decision was made after observing 
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countless of these situations and evaluating what would hold true to be most accurate over 
hundreds of tidal cycles. When the times of the high and low tide for each tidal cycle were 
identified, their locations were found out of the 48 data points from the EXO2 for the 12-hour 
period. Then, the corresponding EXO2 parameters, associated with that location of the low or 
high tide depths were extracted and compiled into a matrix, separated by high and low tide 
points. The final step to ensuring the accuracy of these matrices was determining the hours 
between the low and high tide points for every 12-hour segment. If the time difference between 
the low and high tide points for a 12-hour segment were less than 3 hours or greater than 9 hours 
(approximately 6 hours between the low and high tides would be expected), all EXO2 parameter 
values corresponding to that tidal cycle became NaN because it suggests that either a low or high 
tide point was misidentified or that the tidal cycle was very uneven.  
 
3. e. DOC fluxes from FDOM  
 
To calculate fluxes of DOC at the marsh-estuary interface with extensive temporal scale, 
we can determine the relationship between in situ optical properties of CDOM and DOC 
concentrations measured on water samples collected from the same location. DOC 
concentrations can be limited because they are measured on water samples that have been 
filtered and analyzed in the laboratory. FDOM can be measured accurately, continuously, quickly, 
and noninvasively in situ, so by developing a relationship between FDOM and DOC, and coupling 
this with flow data, we could retrieve DOC fluxes over longer periods of time, in a much less 
labor-intensive manner. To get an initial comparison between GCREW DOC and FDOM, 
overlapping times were compiled between ISCO runs, where water samples would have been 
collected for DOC analysis in the lab and in situ data from the EXO2 sonde was available. As 
can be seen in the GCREW weir schematic in Figure 2, the ISCO samples were collected less 
than 1-m away from where the EXO2 sonde was deployed, and at similar depths in the water 
column (approximately 25 cm above the creek bottom). So, while sample collection times were 
aligned between the two, due to the slight spatial distance, ISCO water samples do not represent 
the same exact water sample that the EXO2 sonde’s sensors would have detected.  
 
While Tzortziou et al., 2011, did see a strong correlation between CDOM absorption and 
DOC concentration, they found that change in DOC concentration could only account for half of 
the range in CDOM absorption; the second half was attributed to parallel changes across the 
marsh-estuary gradient. DOC concentrations were “cleaned” based on consistency between 
duplicates and based on the relationship between DOC and CDOM absorption at 300 nm; 
Tzortziou et al., 2011, found this relationship to be strong (R2=0.91). Our samples were all from 
GCREW, so we would not have a spatial gradient, but we did want to ensure that we were not 
preferentially removing points that corresponded to a certain tidal phase or season. For the 
original uncleaned dataset, DOC points were all characterized with a particular point in the tidal 
stage: low tide point, high tide point, ebbing tide, or flooding tide. The final cleaned DOC dataset 
did not reflect a disproportional amount of any tidal phase removed, containing 21 low tide 
points, 19 high tide points, 91 ebbing tidal points, and 76 flooding tidal points. The final cleaned 
DOC dataset also retained good seasonality, including data from: November 2014, December 
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2014, March 2015, July 2015, August 2015, March 2016, April 2016, June 2016, July 2016, 
August 2016, September 2016, and October 2016.  
 
 Using the cleaned DOC dataset, linear relationships were evaluated between DOC 
measured and EXO2 sonde FDOM data; this was done for both FDOM_raw and FDOM_corr_T_D. 
Multilinear regressions were created to estimate DOC based on FDOM data coupled with 
additional water quality parameters from the EXO2 sonde: fluorescent chlorophyll a, turbidity, 
pH, dissolved oxygen, temperature, and salinity. We evaluated how these additional parameters 
improved the relationship between the estimated DOC concentrations and the measured DOC 
values. Statistical significance for these regressions was interpreted based on Matlab ANOVA 
table results. The multilinear regression chosen for deriving DOC based on in situ FDOM had the 
highest R2 between estimated DOC and measured DOC and contained input variables that were 
all statistically significant (p<0.05). We also ensured that the estimated DOC values were 
aligning well with the measured DOC values when examined over ISCO tidal cycles. 
 
 With this multilinear regression, it would then be possible to estimate DOC concentration 
at GCREW at any time the EXO2 sonde was deployed with all of its probes involved in the 
regression working accurately. This is significant because it expands the temporal scale of DOC- 
from ~24 values a month for ~10 months a year to having values every 15-minutes when the 
EXO2 sonde is deployed at GCREW (generally deployed except when temperatures are below 
freezing, or the sensor is being taken out for cleaning and calibrations). Flux of DOC at GCREW 
could be calculated continuously as long as the EXO2 was deployed and flow data was available 
through the SonTek-IQ Doppler, its location can be seen in Figure 2. The flow meter is located 
at the bottom of the mid-point of the marsh tidal creek channel (on a platform). Channel cross 
sectional area, SonTek-IQ Doppler depth, and velocity can be multiplied to calculate flow; flow 
values at this tidal GCREW weir were either positive or negative- negative flow values indicate 
ebbing tide with water moving towards the Rhode River sub-estuary mouth, and positive flow 
values indicate flooding tide with water moving towards the marsh interior. Flux values were 
calculated by multiplying flow (m3 s-1) by DOC concentration (mg L-1), so time series for flow 
and DOC had to be aligned. The SonTek and EXO2 were not on the same deployment schedules, 
so flux data was only possible when both instruments were simultaneously deployed. Flux was 
then integrated over the sampling time period: tidal cycle, day, or month. The average DOC flux 
per month was calculated if there were at least 10 days of measurements for that month; daily 
fluxes were scaled up to monthly fluxes based on the total number of days in a given month. This 
same procedure was applied to EXO2 FDOM, EXO2 chlorophyll a, and EXO2 turbidity to get 




4. a. FDOM corrections 
 
Results of temperature corrected EXO2 FDOM (FDOM_corr_T) can be seen in Figure 9. For 
the years 2015 and 2016, we see very consistent seasonality in water temperature at the GCREW 
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tidal marsh creek. The EXO2 
sensor is not deployed during 
freezing temperatures, so given 
a 1% change in fluorescence 
per degree C, there would not 
be more than a 25% change in 
FDOM concentration as a result 
of temperature.  
 
Temperature and 
turbidity corrected EXO2 FDOM 
(FDOM_corr_T_P) resulted in 
prominent changes in FDOM 
concentration as compared to 
just the temperature corrected 
data. In some instances, 
FDOM_corr_T_P was double the 
concentration of FDOM_corr_T, 
but no seasonal dependence 
was found in the correction 
applied. This can be seen in 
Figure 10.  
 
The turbidity correction 
was compared with results 
from Downing et al., 2012 
(Figure 11). The EXO2 sondes 
used in this study would be 
classified as open path/90° 
sensors. However, our 
experimental data seems to 
align better with the open 
path/140° sensor. At a turbidity 
of 50 FNU, our experimental 
data is demonstrating twice the 
attenuation percentage as in 
Downing et al., 2012. Our 
turbidity attenuation results 
will be evaluated further at the 
end of this section.   
 
In situ EXO2 FDOM 
corrections of absorbance are 
applied serially following 
corrections for temperature and 
turbidity, and then the fully 
Figure 9: These subplots all relate to in situ FDOM 
corrections for temperature (FDOM_corr_T). 
 
Figure 10: These subplots all relate to in situ FDOM 
corrections for turbidity, following corrections for 
temperature (FDOM_corr_T_P).  
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corrected dataset should be achieved (FDOM_corr_T_P_D). However, using this procedure, if there is 
any uncertainty surrounding the accuracy of the turbidity corrections applied (raised due to 
disagreement with results from Downing et al., 2012), then applying the absorbance corrections 
on top of the turbidity corrections will further propagate an over-estimation of corrected FDOM 
(FDOM_corr_T_P_D). We can see in Figure 12 how at high concentrations of temperature and 
turbidity corrected FDOM (FDOM_corr_T_P), the correction for absorbance can be high, resulting in 
FDOM change of over 200 QSU for some data points. Below is an example of a fully corrected 



















Figure 11: Light blue data 
points represent our 
estimated FDOM attenuation 
based on in situ EXO2 
turbidity plotted over 
Downing et al., 2012, 
experimental data of FDOM 
attenuation as a function of 
turbidity. Axes ranges are 
the same for our data and 
their data.  
Figure 12: These subplots all relate 
to in situ FDOM corrections for 
absorbance, following corrections for 

















Step 1: Temperature Correction 
GCREW EXO2 measurement from August 6, 2015 at 18:00 reveals: 
 
Temperature (or T) = 24.865 °C 
FDOM_raw = 160.98 QSU 
 
FDOM_corr_T = 160.98 + 160.98 * 0.01 * (24.865 - 25) 
FDOM_corr_T = 160.76 QSU 
 
There is a minimal temperature correction because the in situ temperature was close to the temperature 
that our data was normalized to (25 °C). 
Step 2: Turbidity Correction 
Turbidity (or P) = 80.08 FNU 
 
%FDOM_P = 18.104 * ln(80.08) - 31.494 
%FDOM_P = 47.86% 
 
rp = 1 – (47.86 /100) 
rp = 0.5214 
 
FDOM_corr_T_P = 160.76 QSU/0.5214 
FDOM_corr_T_P = 308.32 QSU 
 
Step 3: Absorbance Correction 
ACDOM(254) = 0.0025 * 308.32 + 0.0122 
ACDOM(254) = 0.7830 
 
%FDOM_D = 53.246 * 0.7830 – 7.267 
%FDOM_D = 34.42% 
 
rd = 1 – (34.42 /100) 
rd = 0.6558 
 
FDOM_corr_T_P_D = 308.32/0.6558 
FDOM_corr_T_P_D = 470.14 QSU 
 
Figure 13: GCREW in situ EXO2 FDOM 
concentrations corrected, with all correction 
components visible, based on our 
experiments for attenuation by particulate 
and dissolved constituents.  
Figure 14: Dock in situ EXO2 FDOM 
concentrations corrected, with all 
correction components visible, based on 
our experiments for attenuation by 
particulate and dissolved constituents. 
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EXO2 data from the Dock site, depicted in Figure 14, did not have to be corrected for 
absorbance because its FDOM_corr_T_P concentrations were not high enough to qualify for these 
corrections based on the dilution experiments. GCREW corrections based on the experimental 
findings, shown in Figure 13, adjusted FDOM concentrations more than two-fold in some cases. 
Particularly in summer months, GCREW FDOM_corr_T_P_D concentrations were high. In summer 
months, FDOM_raw initially has higher concentrations than other seasons, and the corrections for 
attenuation at GCREW amplify this.  
 
To assess the accuracy of these experimental corrections, we compared laboratory 
fluorescence measurements (using a Fluoromax instrument) to fluorescence measurements from 
the EXO2 sonde. Laboratory fluorescence measurements in the form of EEMs, normalized to 
Raman Units, were averaged over an excitation of 360-370 nm and an emission of 476-484 nm 
in order to directly compare with the FDOM probe that has an excitation of 365±5 nm and an 
emission of 480±40 nm. Samples run on the FluoroMax have been filtered (so they do not 
contain particulate matter that would cause scattering) and are corrected for absorbance. Results 
are shown in Figure 15 and Figure 16 and indicate that the corrections performed as expected: 
application of the corrections for attenuation improve agreement between the EXO2 and 




Figure 15: Results from the 
experiments we conducted to measure 
EXO2 FDOM attenuation. EEMs were 
run on filtered sample corrected for 
temperature and absorbance, and the 
EXO2 FDOM data is from benchtop 
unfiltered sample that then had 
corrections applied for temperature, 
turbidity, and absorbance.  
 26 
Figure 16: FluoroMax-measured FDOM (y-axis) and benchtop EXO2 FDOM data (x-axis) from the 
experiments we conducted to evaluate EXO2 FDOM attenuation by turbidity. These plots are 
colored by turbidity concentration. The colorbar maximum was set to 200 FNU to better depict 
gradients, but some turbidity values do exceed 200 FNU, here.  
 
 In addition to having FluoroMax measured FDOM available from our experimental data 
points, we also have a FluoroMax dataset based on the ~monthly ISCO runs (water samples 
collected every hour for 24-hours) at GCREW, and this dataset was also used to evaluate our 
corrections applied to in situ EXO2 FDOM data (Figure 17). 
 
Figure 17: EEMs data from ISCO runs at GCREW with in situ EXO2 FDOM measurements, 
taken at the same time, that then were corrected for temperature, turbidity, and absorbance.  
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 EEMs data had a stronger correlation with FDOM_raw (R2=0.742) than with the fully 
corrected dataset (FDOM_corr_T_P_D) (R2=0.695). EEMs had the strongest relationship with EXO2 
FDOM with temperature corrections applied (FDOM_corr_T) (R2=0.81). Applying corrections for 
turbidity and absorbance led to an over-estimation of EXO2 FDOM when compared to the 
laboratory fluorescence. Due to the uncertainty in these corrections, only temperature corrections 
were applied to the EXO2 measured FDOM values in the following sections. Attenuation for this 
sensor in this system requires further analysis before corrections are finalized.  
 
4. b. GCREW and Dock end-member and tidal characterizations  
 
Boxplots of EXO2 sonde data from GCREW and the Dock were created using data from 
all deployments (sampled at 15-minute intervals) separated by months. Through comparisons 
between EXO2 sonde data at GCREW and the Dock, we can begin to understand differences in 
these end-members and spatial trends: GCREW is representative of the terrestrial marsh edge 
due to draining from the Kirkpatrick Marsh, and the Dock site is representative of a more 
estuarine signal due to its location closer to the mouth of the Rhode River sub-estuary. These 
GCREW and Dock boxplots represent data from all tidal stages. With medians incorporating 
data from both low and high tides, we can start to see seasonality independent of tidal influence 
for each of the two sites. With these two sites serving as end-members, analysis will be made to 
understand how parameters measured from the EXO2 sondes change across this ~1.5 km spatial 
gradient- what is being exchanged or transformed between the sites? In addition to examining 
these differences between GCREW and the Dock, we analyzed differences at GCREW between 
low and high tide stages for all parameters of the EXO2. Examining GCREW at these tidal 
stages would help us better understand dynamics occurring at flooding tide versus ebbing tide.  
Figure 18: Boxplots of all data for EXO2 FDOM_corr_T separated by month for GCREW and the 
Dock. Note the difference in order of magnitude of y-axes between the two plots.  
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 Seasonality of FDOM is similar for both locations, with highest FDOM concentrations in the 
summer. GCREW has its peak annual median in both July 2015 and July 2016, with a 
concentration of ~100 QSU. Dock peak annual medians occur in July/August of 2015 and 
August of 2016, with concentrations of ~28 QSU. Both locations show a steep rise in FDOM 
concentrations in spring or early summer from the late fall, winter, and early spring 
“background” concentrations. This “background” median is ~30 QSU for GCREW, and the shift 
to higher medians takes place between April and May 2015 and between May and June of 2016. 
For the Dock site, this “background” median is ~12 QSU, and the shift to higher medians occurs 
between June and July of 2015 and between July and August of 2016. So, for both sites this shift 
to higher FDOM concentrations was one month earlier in 2015 than in 2016.Within Figure 18, we 
see the difference in the order of magnitude between FDOM concentration at GCREW versus the 
Dock, with medians generally about three-fold (or higher) greater at GCREW than the Dock. In 
Figure 19, we see how FDOM concentration is consistently higher at low tide than high tide and 
this difference is most pronounced in the summer. During summer, low tide FDOM medians are 
between ~100-150 QSU, while high tide FDOM medians are between ~40-60 QSU. Similar 
seasonality patterns are observed in the low and high tide waters.  
Figure 19: Boxplots of all GCREW EXO2 FDOM_corr_T separated by month for low and high tide. 
 
Fluorescent chlorophyll a concentrations for GCREW and the Dock (Figure 20) have a 
high range in values. Seasonality patterns are not apparent for either location, but for both 
locations in 2015 and 2016, August is a local maximum for chlorophyll a median. There are also 
high spring values for GCREW in May of 2015 (~20 μg L-1 median), April of 2016 (~20 μg L-1 
median), and April of 2017 (~60 μg L-1 median). Concentrations of chlorophyll a are overall 
higher at the Dock than GCREW. Medians range across seasons from ~0-20 μg L-1 at GCREW 
(excluding the very high value in April 2017), while medians range across seasons from ~10-35 
μg L-1 at the Dock. Figure 21 shows higher medians of chlorophyll in the high tide than low tide 
water. Across months, chlorophyll a medians at GCREW low tide average ~10 μg L-1 or less, 
except in April 2017. For the three months with highest chlorophyll a for both low tide and high 
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tide, in Figure 21, the difference between medians for these tidal stages is striking (May 2015: 
LT= ~13 μg L-1 whereas HT= ~60 μg L-1; April 2016: LT= ~12 μg L-1 whereas HT= ~45 μg L-1; 
April 2017: LT= ~30 μg L-1 whereas HT= ~127 μg L-1).  
 
 
Figure 20: Boxplots of monthly EXO2 chlorophyll a data for GCREW and the Dock.  
 
Figure 21: Boxplots of all GCREW EXO2 chlorophyll a separated by month for GCREW low 
and high tide. 
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Figure 22: Boxplots of monthly EXO2 turbidity data for GCREW and the Dock.  
 
 
Figure 23: Boxplots of all GCREW EXO2 turbidity separated by month for GCREW low and 
high tide.  
 
Turbidity median concentrations are consistent across GCREW and the Dock site with 
medians ranging from ~5-30 FNU, with high overall ranges in turbidity concentration. Trends in 
seasonality are also not clear for either location. Based on analysis between GCREW and the 
Dock (Figure 22), it is difficult to predict whether the Kirkpatrick Marsh is contributing to 
estuarine turbidity or whether higher turbidity water is coming in from the estuary, where these 
particles could get retained within the marsh. The lack of seasonality could also indicate that the 
primary driver of turbidity is episodic events. This will be investigated further in future sections. 
In Figure 23, we also do not see any clear patterns for turbidity between low and high tide at 
GCREW. It remains uncertain whether high turbidity values are a result of runoff from the 
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Kirkpatrick Marsh, itself, or whether turbidity is a result of larger particles coming in from the 
estuary with flooding tide.  
 
Figure 24: Boxplots of monthly EXO2 salinity data for GCREW and the Dock.  
Figure 25: Boxplots of all GCREW EXO2 salinity separated by month for GCREW low and 
high tide.  
 
In Figure 24, salinity shows a similar seasonal pattern both inter-annually and between 
GCREW and the Dock. Salinity values are generally lowest in early spring (March, April, May) 
and highest in late fall, early winter (October, November, December). Despite the similar 
seasonal patterns, Dock salinity was consistently 1-2 PSU higher than the marsh site. Figure 25 
supports that there is little change in salinity across tidal cycles at GCREW.  
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Figure 26: Boxplots of monthly EXO2 pH data for GCREW and the Dock.  
Figure 27: Boxplots of monthly EXO2 dissolved oxygen data for GCREW and the Dock. 
 
Figure 26 and Figure 27 depict EXO2 pH and dissolved oxygen, respectively, for the 
GCREW and Dock sites. pH and dissolved oxygen are significantly higher at the Dock than at 
GCREW for every month data was recorded for both locations. For all months, first quartile 
concentrations of pH and dissolved oxygen at the Dock are greater than third quartile 
concentrations at GCREW. At GCREW, most months do reach anoxic conditions at some point, 
with dissolved oxygen <0.5 mg L-1, and for May and June of 2015 and July and August of 2016, 
 33 
the first quartile of data reaches anoxia. At GCREW, hypoxic conditions are reached (dissolved 
oxygen <2 mg L-1) often; medians of May and June 2015 and the medians of July, August, and 
September of 2016 are all hypoxic. The Dock site does not experience anoxic or hypoxic 
conditions.  
 
Figure 28: Boxplots of all GCREW EXO2 pH separated by month for GCREW low and high 
tide.  
Figure 29: Boxplots of all GCREW EXO2 dissolved oxygen separated by month for GCREW 
low and high tide.  
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4. c. DOC retrievals and resulting fluxes  
 
 The dissolved organic carbon (DOC) dataset from ISCO runs was analyzed alongside 
continuous EXO2 sonde variables to develop a proxy for DOC. While DOC cannot be measured 
directly in situ, developing this proxy based on in situ optical sensor data would allow for DOC 
estimates that were continuous- a large improvement in their temporal scale. We began by 
evaluating the relationship between DOC and FDOM_raw as well as DOC and FDOM_corr_T_P_D 
(corrected for temperature, turbidity, and absorbance). However, in examining the correlation 
between DOC and FDOM_corr_T_P_D, we saw the same issues we were seeing between EEMs and 
FDOM_corr_T_P_D—at highest turbidity values for the dataset, there was an overestimation of FDOM 
concentration (which we have been attributing to an over-estimation in our experimental results 
for turbidity attenuation). This can be seen in Figure 30. Turbidity values greater than 30 FNU 
are colored in red and we can see a deviation in the linear fit with these points. Moving forward, 
we then based our multilinear regression off of the relationship between DOC and x1= FDOM_raw. 
Downing et al., 2009, found an R2 of 0.74 for the linear fit between FDOM and DOC, but this was 
done on only 25 samples all 
from the same deployment, so 
we could expect more 
variability with our dataset of 
207 samples that involve data 
from 12 deployments (across 
seasons). We wanted to 
determine what other 
parameters from the EXO2 
sonde could significantly 
improve the relationship 
between DOC and FDOM_raw in 
order to make more accurate 








Figure 30: DOC versus FDOM_raw (left) (R2=0.675; n=207) and DOC versus FDOM_corr_T_P_D (right) 
(R2=0.518; n=206). This is colored by a turbidity threshold.    
 
Parameters of the EXO2 sonde that were evaluated alongside DOC concentration within 
the multilinear regressions were: temperature, turbidity, chlorophyll a, dissolved oxygen, 
salinity, pH, and temperature. All of these variables were standardized by subtracting their mean 
and dividing by their standard deviation, so that coefficients could be compared between 
parameters that were in different orders of magnitude. In Figure 31, the relationship between 










Table 1: Statistics from DOC Multilinear Regressions with FDOM_raw. 
 
 
The coefficients from Table 1 are all standardized. The strongest relationship (highest 
R2; lowest RMSE; all variables statistically significant) was found using x1=FDOM_raw; 
x2=temperature; x3=pH; and x4=DO (R2=0.732). Despite this relationship being based on 




X2 Coeff. X3 Coeff. X4 
Coeff. 
X1 p-val X2 p-val X3 p-val X4 p-val R2 RMSE 
Raw 
FDOM 
   
DOC  0.82184 
   
5.50E-52 




























































DOC  0.7634 0.21494 0.035977 
 







DOC  0.76853 0.21702 -0.057307 
 





Turb Chl DO DOC  0.79044 -0.09343 0.16336 -0.15909 1.85E-28 0.017707 6.62E-05 0.0063924 0.721 0.534 
Raw 
FDOM 





DOC  0.69545 0.21962 -0.070136 
 







DOC  0.78647 0.22317 0.052386 
 





Temp pH DO DOC  0.75221 0.16788 0.14882 -0.16353 1.47E-25 0.00053071 0.039813 0.028658 0.732 0.523 
Figure 31: DOC data 
versus FDOM_raw, colored 
by additional EXO2 sonde 
water quality parameters.    
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FDOM_raw, turbidity was not a variable in the best-fit equation. Downing et al., 2012, predicted 
DOC using a partial least squares regression with FDOM_raw, CDOM absorption, and total 
attenuation, so by incorporating attenuation in the relationship to derive DOC from FDOM_raw, this 
could essentially be correcting the FDOM_raw data. Yet, while our best-fit multilinear regression 
accounted for temperature, there were no variables that could account for fluorescence 
attenuation. Figure 32 depicts estimated DOC based on the multilinear regression versus 









Estimated DOC =  
(FDOM_raw*0.041083) + (T*0.043546) + (pH*0.82542) + (DO*-0.11293) – 2.2986 
 
(Based on non-standardized variables) 
 
We wanted to ensure that this estimated DOC based on the multilinear regression was 
accurately capturing tidal signal, because in Figure 32 we can only see relative concentrations. 
So, for individual ISCO runs, encompassing two tidal cycles, we examined tidal stage based on 
depth from the EXO2 sonde, measured DOC, and estimated DOC. This can be seen for four 
ISCO runs chosen across seasons in Figure 33: December 2014, August 2015, June 2016, and 
September 2016. The estimated DOC aligns well with measured DOC, even during uneven tidal 
cycles. There can be some discrepancies in overall concentration between estimated and 
measured DOC. In December 2014, the highest discrepancy we see is ~1.5 mg L-1; in August 
2015, the highest discrepancy we see is ~2 mg L-1; in June 2016, the highest discrepancy we see 
is ~3 mg L-1; and in September 2016, the highest discrepancy we see is ~2.5 mg L-1.  
Figure 32: 
Estimated DOC 
from a multilinear 
regression using 
EXO2 sonde data 
versus measured 













Figure 34: GCREW ratio of 
temperature corrected FDOM to 
measured DOC from the ISCO DOC 
dataset, separated into tidal stage: 
low tide (LT) and high tide (HT).   
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Figure 34 shows the ratio between temperature corrected FDOM and measured DOC based 
on DOC data that was manually separated by tidal stage into low and high tide data. This ratio is 
interesting to examine because many in situ and remote-sensing algorithms retrieving DOC from 
optical parameters (CDOM absorption or fluorescence) assume a constant DOC-specific CDOM 
absorption or fluorescence. We see consistently higher FDOM:DOC in low tide water than high 
tide water across seasons. In the summer and even into fall and winter, we see higher FDOM:DOC 
than we see in early spring, regardless of tidal stage.  
 
 The Kirkpatrick Marsh is exporting DOC to the Rhode River sub-estuary for all months 
except August and September 2015 (Figure 35). September 2016 has the greatest export of 
DOC. For inter-annual variability, concentrations are similar between 2015 and 2016 for October 
and November, but in August and September 2015 to August and September 2016, we see a 
change in flux direction and order of magnitude. Similar to DOC, the integrated difference of the 
fluorescence coming out of CGREW waters is greater than what is coming in (Figure 36). 
August 2015 is the only month where there is an import of FDOM. September 2016 has the largest 
export of FDOM, as was seen with DOC. Chlorophyll a flux generally indicates that the 
Kirkpatrick Marsh is importing chlorophyll a biomass from the Rhode River sub-estuary, 
particularly in 2016 (all months except January) (Figure 37). However, 2015 is more variable: in 
July 2015 and August 2015, the marsh is exporting chlorophyll a biomass. In September 2015, 
the marsh is importing chlorophyll a biomass. October, November, and December 2015 are 
approximately neutral. Turbidity flux is variable (Figure 38). In 2015, the Kirkpatrick Marsh 
was more of a source of turbidity to the Rhode River sub-estuary, or neutral. In 2016, the marsh 
was net importing particulate matter from the Rhode River sub-estuary.  
 
 
Figure 35: GCREW 
DOC flux in kg C 
month-1. This 
represents total 








Figure 36: GCREW 
FDOM_CORR_T monthly 
flux. This represents 
total marsh flux.  
 
Figure 37: GCREW 
chlorophyll a flux in 
g month-1. This 
represents total 









































Figure 38: GCREW 
turbidity monthly flux. 
This represents total 


































Figure 39: Fluxes were calculated for ISCO runs where flow data was available: April 2016, 
June 2016, August 2016, and September 2016. Water depth is shown in red, and flux is shown in 
blue. Negative flux values represent DOC that is leaving the Kirkpatrick Marsh, being exported 
into the Rhode River sub-estuary, and positive flux values represent the import of DOC into the 
Kirkpatrick Marsh. On the left plots, DOC flux is calculated based on measured DOC 
concentrations from the SHIMADZU Total Organic Carbon Analyzer. On the right plots, DOC 
flux is calculated based on DOC concentrations that were estimated from in situ EXO2 data.  
 
In Figure 39, we can see that measured and estimated DOC concentrations result in the 
same flux trends and direction over time for all four of these ISCO runs, however, there is some 
variability in flux concentration between the measured and estimated data. Among the four ISCO 
runs there is also variability in flux concentration. Absolute value of flux is greatest during 
ebbing and flooding tides, as opposed to at high and low tides, which can be attributed to 
maximum water flow during ebbing and flooding stages, because as we have seen in Figure 33, 
maximum DOC concentration is at low tide.  
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Table 2: Flux comparisons between measured DOC and estimated DOC for four ISCO runs.  
 
 
In Table 2, the variability in DOC flux concentrations can be seen for the four ISCO runs 
analyzed. DOC is shown in hourly flux based on an hourly average from these ~24-hour ISCO 
runs and then these hourly fluxes were scaled-up to the length of a full tidal cycle of ~12 hours. 
All four of these ISCO runs show a negative flux, indicating that the Kirkpatrick Marsh is 
exporting DOC, however, the magnitude of this flux is variable. June 2016, in particular, has 
lower flux concentrations than April, August, and September of 2016.  
 
4. d. Episodic rain events 
 
Figure 40: Monthly rainfall sums in inches from the Smithsonian Environmental Research 
Center in Edgewater, Maryland.  
 
ISCO Run Measured DOC 
Flux  
kg C hr-1 
Measured DOC 
Flux 
kg C tidal cycle-1 
Estimated DOC 
Flux  
kg C hr-1 
Estimated DOC 
Flux 
kg C tidal cycle-1 
April 2016 -2.57 -30.84 -1.92 -23.04 
June 2016 -0.26 -3.12 -0.20 -2.40 
August 2016 -2.10 -25.20 -1.84 -22.08 
September 2016 -2.42 -29.04 -2.57 -30.84 
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hourly sums.    
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 No clear seasonal pattern can be observed in looking at monthly rainfall sums 
over the course of this study period and study site from late 2014 through 2016 (Figure 40). 
However, some large “episodic rain events” were captured. In examining two storm events from 
September/October 2015 and October 2016, corresponding to Hurricane Joaquin (Figure 41) and 
Hurricane Matthew (Figure 42), respectively, we do see effects on EXO2 water quality 
parameters. Following these rain events, a deviation can be observed in the typical tidal trends in 
FDOM we would expect to see under dry conditions. We see increased turbidity, especially 
pronounced in October 2016. This increase in turbidity has a delay of about one-day post 
rainfall. Both storm cases show freshening of salinity as well as decreases in overall water depth 
over a one-to-two-day period. Dissolved oxygen also shows decreases in both cases, with 
hypoxia in September/October 2015, and hypoxia/anoxia in October 2016, and a loss of DO’s 




5. a. FDOM corrections 
 
 Due to the temperate location of this study, with seasonal changes in water temperature 
ranging from 0° C in winter and 35° C in summer, temperature corrections were necessary to 
apply to EXO2 FDOM data. These temperature corrections, normalized to 25° C, led to decreases 
in FDOM when compared to the raw data when water temperatures were below 25° C, and 
increases in FDOM when compared to the raw data when water temperatures were above 25° C. 
FDOM data corrected for turbidity and absorbance, in addition to temperature, based on our 
experimental data for turbidity and absorbance attenuation, was examined using a United States 
Geological Survey (USGS) dataset from Downing et al., 2012. This was done to help evaluate 
our corrections. We were able to reproduce the results from this study, downloading FDOM USGS 
data and working backwards to show the effects of all the individual correction components. 
This can be seen below in Figure 43.  
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Figure 43: The above graph to the left is from Downing et al., 2012, and shows the different 
facets of FDOM corrections they applied to a Connecticut River dataset from October 2010. The 
above graph to the right depicts our reproduction, working backwards from downloaded FDOM 
corrected USGS data, using our experimental attenuation corrections to retrieve what 
uncorrected FDOM values would be, from the corrected FDOM data and information on temperature 
and turbidity.  
 
Despite our ability to reproduce the data in Figure 43, the approach we used for turbidity 
corrections seem to be an over-estimation for GCREW (even though attenuation experiments 
were developed using GCREW water samples) when we examine how FDOM corrected for 
turbidity compares to GCREW EEMs fluorescence data. As a result of this comparison to EEMs, 
when we did subsequent analysis using FDOM data for this study, we only used the temperature 
corrected FDOM dataset.  
 
More work needs to be done on evaluating the effects of attenuation by turbidity and 
absorbance on in situ EXO2 FDOM concentrations for this study site. One of the potential sources 
of uncertainty in these estimates is that experiments for turbidity corrections were made in the 
laboratory setting, using benchtop measurements of EXO2 FDOM in a calibration cup, but the 
datasets being analyzed are from the EXO2 sonde deployed in situ at GCREW and the Dock. 
The laboratory experiments for turbidity were done using the FDOM calibration cup because the 
instrument protocol recommends conducting the pre- and post-calibrations of the EXO2 sonde 
using this cup. FDOM and turbidity probes of the EXO2 sonde have their own pre- and post-
calibration procedures that involve a quinine sulfate standard for FDOM and a polymer-based 
turbidity standard. A 2-point calibration is done for turbidity using 0 FNU (deionized water 
sample) and 124 FNU (from the standard). If the calibration cup was deemed accurate enough to 
take calibration measurements, which inherently are meant to be sensitive and precise values, we 
assumed it would also be accurate for our experiments. In addition, the sample volume for the 
FDOM probe is very small, at 25 mm3, and we were using water volumes of 400 mL in the 
calibration cup. With a sampling volume this small, it was assumed that external influences 
(including the calibration cup itself and laboratory conditions, would be minimal). However, this 
optical setting might not be adequate when compared to the optical setting that the EXO2 sonde 
would be encountering in the field. Secondly, sediment or particle size could be playing a role, 
where the water samples used for turbidity attenuation experiments in the lab could have 
contained a different size fraction of suspended material than would be encountered naturally in 
the field. This needs to be further investigated.  
 
 
5. b. Optical and compositional characterization of material exchanged 
tidally between marshes and adjacent estuarine waters 
 
Continuous data from the EXO2 sonde allowed for characterizations to be made for 
FDOM, chlorophyll a fluorescence, turbidity, salinity, dissolved oxygen, and pH at the Kirkpatrick 
Marsh and Rhode River sub-estuary interface. These results provide new insight on the 
transformation of organic and inorganic materials at the marsh-estuary interface and the role of 
tidal marshes as a source or sink for dissolved and particulate matter in this system. The findings 
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also help illuminate what processes are still poorly understood, and what can be studied in the 
future to better understand what is occurring at various temporal scales.  
 
 
5. b. i. Marsh-estuarine exchanges of physicochemical properties  
 
Water of the same salinity coming into the marsh tidal creek during flooding tide is 
leaving the marsh as evident in Figure 24 and Figure 25. This implies that on the monthly scale, 
there is not a detectable amount of freshwater entering the system at the Kirkpatrick Marsh, for 
example from surface runoff. Salinity change at GCREW low tide could also have been coming 
from porewater input, because plant evapotranspiration can lead to higher salinity in porewater 
(Cao et al., 2012). However, we are seeing no evidence of this. Salinity at low versus high tide at 
GCREW supports that salinity at this marsh-estuary interface is driven by hydrology at a larger 
regional scale, such as through freshwater input by the Susquehanna River into the Chesapeake 
Bay. The main source of freshwater into the Rhode River sub-estuary is flow from the Muddy 
Creek, but salinity in this system is also affected by the Susquehanna River, the main source of 
freshwater into the Chesapeake Bay. The Susquehanna River flow increases between February 
and May (fresher), with lowest river flow occurring in late summer through winter (more saline) 
(Taft et al., 1980), and this corresponds to seasonal salinity we are seeing at GCREW and the 
Dock.  
 
Figures 26-29 suggest that estuarine water is either coming in from the Rhode River sub-
estuary mouth enriched in dissolved oxygen (DO) and high pH and is getting transformed at 
GCREW, or that there is an input of low-oxygen and more acidic water at GCREW. DO and pH 
fluctuate together in coastal environments because of changes in metabolic CO2 (Baumann et al., 
2014). During heterotrophy, DO is depleted by an organism and CO2 is produced. This CO2 
forms carbonic acid in the water, which dissociates into H+ ions, thus creating a more acidic 
environment (Baumann et al., 2014). Water temperature and light availability then become 
important determinants of DO and pH because water temperature affects DO solubility (there 
would be higher solubility in winter) and temperature and light availability help determine 
estuarine productivity (Baumann et al., 2014). Lower concentrations of DO and lower pH at the 
GCREW site than the Dock could possibly be explained by the Kirkpatrick Marsh “outwelling,” 
(as discussed earlier by Odum’s “outwelling hypothesis”) DOM which promotes a heterotrophic 
environment, implying that marshes are also exporting oxygen-depleted and acidic waters to 
adjoining estuaries (Baumann et al., 2014). This can be supported by Figure 28 and Figure 29, 
where we can see hypoxic conditions at GCREW low tide in the summer months, and the 
corresponding low tide acidity. 
 
Months with depleted oxygen and lower pH at GCREW correspond to months where 
there is peak FDOM concentration at GCREW, as seen in Figure 18 and Figure 19, which could 
be supporting the theory that this FDOM “outwelling” is causing a heterotrophic environment 
within the tidal marsh channel creek, and that this heterotrophy is causing a depletion in oxygen 
and more acidic environment. The timescale of this would be interesting to investigate, however, 
because as we have seen in the literature, fresh humic FDOM that is leaving the marsh would be 
more susceptible to photobleaching rather than the microbial degradation that would be causing a 
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heterotrophic environment. This low DO and low pH at low tide could be indicating that 
microbial degradation is occurring within the tidal marsh channel creek at low tide. 
Alternatively, low oxygen concentrations at GCREW low tide could be a result of anoxic 
porewater contributions when tidal stage of the creek is below bankful depth (Nelson et al., 
submitted).  
 
5. b. ii. Marsh-estuarine exchanges of particulate matter  
 
The decrease in chlorophyll a between GCREW and the Dock in Figure 20 could imply 
that chlorophyll a biomass coming in from the estuary is becoming “trapped” within the 
Kirkpatrick Marsh as particulate organic carbon (POC), or that chlorophyll a is getting degraded 
via grazing during the time period and distance that chlorophyll a travels from the Dock to 
GCREW. The phaeophytin: chlorophyll a ratio would be indicative of phytoplankton 
degradation via grazing by zooplankton. Through ISCO tidal cycles, we do generally see 
increased phaeophytin: chlorophyll a during low tides, as opposed to high tides, which would be 
indicative of phytoplankton biomass breakdown from grazing, which then could lead to lessened 
concentrations of chlorophyll a. While these low tide versus high tide comparisons of 
chlorophyll a (Figure 21) do suggest that the Kirkpatrick Marsh trapping these particles is highly 
plausible, chlorophyll a flux further supports this. In Figure 37 we see that the Kirkpatrick 
Marsh is a sink for chlorophyll a biomass in 2016. However, 2015 is more variable, with July 
2015 being a particularly high source of chlorophyll a biomass to the Rhode River sub-estuary. 
Variability in productivity overall would affect these fluxes. Erkenbrecher and Stevenson, 1980, 
suggested that diel rhythms are a control of chlorophyll a movement in tidal salt marsh creeks, 
suggesting that perhaps an even finer temporal scale is necessary to investigate: time of day in 
addition to tidal stage. Variability in chlorophyll a concentrations could also be attributed to 
phytoplankton blooms being patchy within the Rhode River sub-estuary and marsh channel 
creek, so not every bloom present may be captured by the EXO2 sonde deployed. Green to red 
reflectance ratio from Landsat-8 satellite bands over the Rhode River sub-estuary could be useful 
in detecting the spatial distribution of chlorophyll a for this system (Hellweger et al., 2004). This 
would allow us to better account for patchy blooms.  
 
 Findings from turbidity concentrations at GCREW and the Dock in Figure 22 and for 
GCREW between low and high tide in Figure 23, as well as flux concentrations of turbidity in 
Figure 38 do prove to be inconclusive as to whether the Kirkpatrick Marsh is a source or sink of 
turbid material to or from the Rhode River sub-estuary. If the Kirkpatrick Marsh was a source of 
turbid material, this could indicate that sediment was getting mobilized from the marsh surface 
through surface runoff; this will be further discussed in the analysis of episodic rain events. One 
factor possibly affecting turbidity fluxes could be sediment size of the turbid material, where 
perhaps the EXO2 sonde turbidity probe is detecting all sediment as a result of backscatter in the 
water column, but then there is a threshold where only larger sediment is getting trapped by the 
Kirkpatrick Marsh. Red reflectance band data from Landsat-8 satellite acquisitions over the 
Rhode River sub-estuary could be useful in detecting the spatial movement of turbid material for 
this system (Hellweger et al., 2004). A better mechanism to account for Kirkpatrick Marsh tidal 
surface inundation could also help account for particulate matter flux. While Jordan and Correll, 
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1991, found that the Kirkpatrick Marsh was entirely inundated 2% of the time, this is a 
qualitative observation. Improvements in radar satellite remote sensing could lead to better 
quantification and temporal tracking of this marsh inundation.  
   
5. b. iii. Marsh-estuarine exchanges of DOM and DOC  
 
 Results from ISCO runs (Figure 33) indicate that DOC is approximately 1.5-2 times 
higher in low tide water samples than high tide samples. This finding is consistent with what was 
found in Tzortziou et al., 2008, for the Kirkpatrick Marsh- Rhode River sub-estuary interface. 
Tzortziou et al., 2008, also saw that between tidal cycles there could be several-fold change in 
DOC fluxes, related to the unevenness of tides, and we did see this with our flux estimates for 
four ISCO runs, as seen in Figure 39 and Table 2. While Tzortziou et al., 2008, estimated the 
average flux of DOC per tidal cycle to be 1.4 kg, we found the range to be 3.1 - 30.8 kg, which is 
several-fold higher. These concentrations per tidal cycle, estimated based on individual ISCO 
runs do seem reasonable based on our monthly flux values of DOC calculated based on the 
EXO2 in situ continuous data, shown in Figure 35, however we would expect to see a lot of 
variability in equating fluxes we see in these ISCO runs to monthly fluxes because the ISCO runs 
only encompass two tidal cycles, whereas in a month there will be ~60 full tidal cycles. We see 
good agreement in DOC tidal trends between measured DOC and estimated DOC. Discrepancies 
in DOC concentration between measured and estimated values over these ISCO runs, seen in 
Figure 33, are generally limited to ±25%, with two outliers ±35%. Estimated flux was ~29% less 
than measured flux for the April 2016 ISCO run, ~26% less than measured flux for the June 
2016 ISCO run, ~13% less than measured flux for the August 2016 ISCO run, and ~6% more 
than measured flux for the September 2016 ISCO run. We see that the Kirkpatrick Marsh is 
generally a consistent source of DOC to the Rhode River sub-estuary; in Figure 35 flux is 
negative indicating this, except for August and September of 2015. We are seeing that the 
magnitude of DOC flux is variable across tidal cycles and months. This could be related to 
inconsistencies in flow. For example, we see a consistent seasonality in FDOM concentration at 
GCREW and the Dock sites between 2015 and 2016, but we do not see this same consistency in 
FDOM flux. At GCREW for 2015 and 2016, we see peak monthly medians in FDOM in July, yet we 
see peak flux of FDOM in October of 2015 and September of 2016.  
 
Transects done by Tzortziou et al., 2011, across the Rhode River sub-estuary during 
summer showed a decrease in DOC by a factor of 3 and a decrease in CDOM(440) by a factor of 
5 over a distance of ~1.5 km from Kirkpatrick Marsh to further out towards the sub-estuary 
mouth. We are seeing that median summer monthly concentrations of FDOM at GCREW are ~3-
times greater than median summer monthly concentrations of FDOM at the Dock. This can be 
attributed to a combination of mixing between the two end members and degradation of marsh 
exported DOM during the time period and distance that FDOM travels from GCREW to the Dock. 
Modeling of water flow occurring between the GCREW and Dock sites could help us better 
understand these transformations and the timeframe of these transformations. Mixing would lead 
to lessened EXO2 FDOM concentrations at the Dock because at the Dock there will be water 
coming in from the Chesapeake Bay; this water would likely have more marine-sourced FDOM, 
which the EXO2 instrument is not targeting based on its excitation and emission.  
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 Estimating DOC from in situ EXO2 parameters seems to be a good approach to expand 
the breadth of DOC measurements. We attained an R2 of 0.732 between estimated DOC and 
measured DOC for 207 data points, with data representing all tidal stages and seasons. With the 
EXO2 sonde deployed, we can reliably estimate DOC concentration, continuously, every 15-
minutes, with no additional fieldwork or laboratory constraints. A more expansive DOC dataset 
would allow for more insight into coastal carbon cycling, particularly at the hotspot of marsh-
estuary interfaces.  
 
5. c. The effects of episodic rain events on marsh-estuarine 
physicochemical properties and DOM exchanges 
 
  Episodic rain events were identified as case studies to determine how precipitation was 
affecting exchanges of material at GCREW. Figure 41 represents a case where there was a 5-day 
span of rain in September-October 2015 (3.85 in. total), and Figure 42 represents a case where 
there was a 2-day span of rain in October 2016 (1.51 in. total). The September 29th- October 3rd, 
2015, event can be attributed to Hurricane Joaquin, a category 4 hurricane, and the October 8th-
9th, 2016, event can be attributed to Hurricane Matthew, a category 5 hurricane. In Figure 41 and 
Figure 42, a decrease in salinity is seen in both events immediately after rain initiation. This 
freshening lasts after the precipitation ceases, which could be due to surface runoff of freshwater 
still coming off the Kirkpatrick Marsh. Depth is also decreased in both of these storm events, 
particularly with Hurricane Matthew, where tidal signal dissipates. This change in depth is most 
likely a result of high-intensity sustained winds pushing water out of the Kirkpatrick Marsh tidal 
creek. With water at this low depth, this could then promote more porewater input; Nelson et al., 
submitted, observed that with the tidal stage of the marsh creek below bankful depth at low tide, 
there could be inputs of anoxic porewater at GCREW. We are seeing this anoxic state following 
these rain events. These prolonged periods of low tide conditions could also lead to more 
sediment export because more of the creek channel would be exposed. For the rain event from 
Hurricane Matthew there is a very clear increase in turbidity during rainfall, but highest 
concentrations occur after rainfall has stopped (Figure 42).  Saraceno et al., 2009, attributed 
peaks in FDOM lagging behind peaks in discharge to watershed soils draining from the landscape 
after a precipitation event, and this could possibly be true for turbidity as well. We do see 
increases in temperature-corrected FDOM up to over 100 QSU following precipitation, but this 
could represent an underestimation of FDOM because this data is not corrected for turbidity (and 
we could expect high attenuation under these high turbidity concentrations). Saraceno et al., 
2009, found underestimation of FDOM up to 60% for unfiltered FDOM sample (turbid) during a 
storm event, so updating our turbidity corrections for FDOM would likely depict that Hurricane 
Joaquin and Hurricane Matthew are having an even more pronounced effect on FDOM 
concentration than what we are seeing in Figure 41 and Figure 42. While there is change to 
physicochemical parameters and DOM at GCREW associated with these hurricanes, flux during 
these events needs to be analyzed. Concentrations are elevated for FDOM and turbidity, but high 
winds could be lessening water flow, as seen by the lessened tidal signals in the rain event depth 
data, and lessened flow could lead to low fluxes despite high concentrations.  
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6. Summary and Conclusions 
 
• We were able to accurately replicate FDOM corrections from a USGS dataset that was used 
in Downing et al., 2012, based on our experimental attenuation results.  
• Excitation Emission Matrices from laboratory-measured fluorescence indicate that our 
initial FDOM turbidity attenuation corrections are an overestimation. 
• At both GCREW and the Dock, we see highest EXO2 FDOM concentrations in the 
summer, although GCREW concentrations of FDOM are approximately three-times that of 
the Dock, across seasons. Low tide water at GCREW has higher FDOM concentrations 
than GCREW high tide, and this difference is more amplified in the summer. We 
attribute peak FDOM in summer to Kirkpatrick Marsh vegetation productivity during this 
time affecting marsh soil productivity. FDOM differences between GCREW and the Dock 
can be attributed to outwelling of terrestrial, high molecular weight DOM at GCREW, 
but by the time we reach the Dock site the FDOM signal is lessened from degradation and 
mixing.   
• The Dock site has higher FCHL than GCREW, and GCREW high tide has higher FCHL than 
low tide waters. This could indicate that the Kirkpatrick Marsh is trapping chlorophyll a 
biomass, or that there is grazing occurring in the low tide water at GCREW. We see 
evidence of some prominent spring chlorophyll a blooms.  
• There is no clear pattern with turbidity spatially between the GCREW and the Dock end-
members, between GCREW low and high tide water, nor seasonally.  
• Salinity values are similar between GCREW and the Dock and GCREW low and high 
tide. There is a clear seasonal pattern with highest salinity in winter and lowest salinity in 
early spring. This supports that salinity is controlled by hydrology at a larger regional 
scale, for example Susquehanna River flow into the Chesapeake Bay. 
• Estuarine water at the Dock site has higher pH and higher concentrations of dissolved 
oxygen than GCREW, across seasons. GCREW experiences hypoxia and anoxia in the 
late spring and summer. High tide water at GCREW has higher pH and higher 
concentrations of dissolved oxygen than GCREW low tide water. More acidic water 
depleted in oxygen at GCREW, particularly GCREW low tide, could be attributed to 
heterotrophy caused by carbon input from the Kirkpatrick Marsh. There could also be the 
input of anoxic porewater at GCREW low tide.  
• The FDOM:DOC ratio at GCREW is generally higher in low tide water than high tide 
water and is higher in the summer and fall than in early spring. This FDOM:DOC ratio 
ranged from 2-15. Higher FDOM:DOC ratio at low tide and during the summer and fall 
could be attributed to more colored DOM being flushed from the Kirkpatrick Marsh 
during this time.  
• The variables that produced the best relationship to estimate DOC concentrations from 
the EXO2 sonde were: raw FDOM, temperature, pH, and dissolved oxygen. We were able 
to retrieve an R2 value of 0.732 between estimated DOC and measured DOC, 
encompassing 207 data points from all seasons and tidal stages.  
• Estimated DOC was able to mimic tidal trends well when compared to measured DOC 
from ISCO runs of grab samples over tidal cycles. Discrepancies between estimated and 
measured DOC, here, were generally limited to ±25%, with two outliers ±35%. 
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Differences between DOC fluxes per tidal cycle based on measured versus estimated 
DOC ranged from 6% to 29%. For the four ISCO runs DOC flux was calculated for, flux 
ranged from ~3 to ~31 kg C tidal cycle-1, which is higher than what was reported for this 
system by Tzortziou et al., 2008.  
• Monthly concentrations indicate that the Kirkpatrick Marsh is a net exporter of DOC to 
the Rhode River sub-estuary for both 2015 and 2016. These concentrations could 
represent an underestimation of DOC flux out of the marsh because FDOM attenuation by 
turbidity needs to be re-evaluated.  
• Results from Hurricane Matthew, characterized as an episodic high-precipitation event, 
indicate that turbidity at GCREW peaks one day after precipitation ends; this could be 
because after rainfall it takes time for the landscape to fully drain, and particles are 
mobilized during this time. Salinity does not recover to pre-storm conditions until ~1.5 
days after precipitation ends. The tidal signal becomes depressed both during and post 
rainfall, and this is possibly because of high winds affecting water flow. We see anoxic 
conditions during and post rainfall, possibly because at the low water depth there is input 
of anoxic porewater.  
 
 Analysis of continuous data from in situ EXO2 sondes within a marsh tidal creek and 
within a sub-estuary in Edgewater, Maryland, provides us with a more complete understanding 
of the quantity of organic material exported from the marsh to the estuary. This will allow for 
improvements in coastal carbon accounting and cycling. DOC retrievals from EXO2 FDOM, 
temperature, pH, and dissolved oxygen seem to be effective at capturing DOC concentration and 
flux with tides. The marsh-estuary interface for this system is inherently variable because of 
tides, seasons, and episodic events. There are mechanisms to explain the variability of some of 
these parameters such as temperature, FDOM, salinity, pH and dissolved oxygen. However, more 
analysis needs to be done to better understand fluxes of chlorophyll a biomass and turbid 
material. We also need to better account for the variability we are seeing in water fluxes, and to 
do this a modeling approach would be beneficial, where observations could be coupled with 
hydrodynamic-biogeochemical models. This study will complement and expand a body of 
literature that is already available for the Kirkpatrick Marsh, and provides valuable insight for in 
situ optical analysis at a marsh-estuary interface in regard to techniques, findings, and 














Barbier, E.B., S.D. Hacker, C. Kennedy, E.W. Koch, A.C. Stier and B.R. Silliman. 2011. The 
 value of estuarine and coastal ecosystem services. Ecological Monographs 8: 169–193.  
 
Bauer, J.E., W.J. Cai, P.A. Raymond, T.S. Bianchi, C.S. Hopkinson, and P.A.G. Regnier. 2013.  
 The Changing Carbon Cycle of the Coastal Ocean. Nature 504.7478: 61-70.  
 
Baumann, H., R.B. Wallace, T. Tagliaferri, C.J. Gobler. 2014. Large Natural PH, CO2 and 
 O2 Fluctuations in a Temperate Tidal Salt Marsh on Diel, Seasonal, and Interannual 
 Time Scales. Estuaries and Coasts 38.1: 220–231. 
 
Bernal, B., J.P. Megonigal, and T.J. Mozdzer. 2016. An Invasive Wetland Grass Primes Deep 
 Soil Carbon Pools. Global Change Biology 23.5: 2104- 2116.  
 
Boyd, T.J., and C.L. Osburn. 2004. Changes in CDOM Fluorescence from Allochthonous and 
 Autochthonous Sources during Tidal Mixing and Bacterial Degradation in Two Coastal 
 Estuaries. Marine Chemistry 89.1-4: 189–210.  
 
Breaux, A., S. Farber, and J. Day. 1995. Using natural coastal wetlands systems for wastewater  
 treatment: An economic benefit analysis. Journal of Environmental Management 44: 285- 
 191.  
 
Bricaud, A., A. Morel, and L. Prieur. 1981. Absorption by Dissolved Organic Matter of the Sea 
 (Yellow Substance) in the UV and Visible domains. Limnology and Oceanography 26.1: 
 43–53.  
 
Bridgham, S.D., J.P. Megonigal, J.K. Keller, N.B. Bliss, and C. Trettin. 2006. The Carbon 
 Balance of North American Wetlands. Wetlands 26.4: 889–916.  
 
Broome, S.W., E.D. Seneca, and W.W. Woodhouse, Jr. 1988. Tidal Salt Marsh 
 Restoration. Aquatic Botany 32.1-2: 1–22. 
 
Cai W.J., Z.A. Wang, and Y. Wang. 2003. The Role of Marsh-Dominated  Heterotrophic 
 Continental Margins in Transport of CO2 between the Atmosphere, the Land-Sea 
 Interface and the Ocean. Geophysical Research Letters 30.16.  
 
Cao, M., P. Xin, G. Jin, and L. Li. 2012. A Field Study on Groundwater Dynamics in a Salt 
 Marsh- Chongming Dongtan Wetland. Ecological Engineering 40: 61-69.  
 
Cao, F., P.M. Medeiros, and W.L. Miller. 2016. Optical Characterization of Dissolved Organic 
 Matter in the Amazon River Plume and the Adjacent Ocean: Examining the Relative 
 Role of Mixing, Photochemistry, and Microbial Alterations. Marine Chemistry 186: 178-
 88.  
 53 
Childers, D.L., J.W. Day Jr., H.N. McKellar Jr. 2000. Twenty more years of marsh and estuarine 
 flux studies: revisiting Nixon (1980). In: Weinstein, M., Kreeger, D.A. (Eds.), Concepts 
 and Controversies in Tidal Marsh Ecology. Kluwer Academic Publishing, Dordrecht, pp. 
 391–423.  
Corbett, J.E., M.M. Tfaily, S. Ouni, and D. Peteet. 2017. Shifts in vegetation affect organic 
 carbon quality in a coastal marsh. In preparation. 
 
Costanza, R., O. Perez-Maqueo, M.L. Martinez, P. Sutton, S.J. Anderson, and K. Mulder. 
 2008. The Value of Coastal Wetlands for Hurricane Protection. AMBIO: A Journal of the 
 Human Environment 37.4: 241–248.  
 
Costanza, R., R. D’Arge, R. De Groot, S. Farber, M. Grasso, B. Hannon, K. Limburg, S. 
 Naeem, R.V. O’Neill, J. Paruelo, R.G. Raskin, P. Sutton, and M. Van Den Belt. 1997. 
 The value of the world’s ecosystem services and natural capital. Nature 387: 253-260.  
 
Darby F.A. and R.E. Turner. 2008. Below- and aboveground biomass of Spartina  alterniflora: 
 Response to nutrient addition in a Louisiana Salt Marsh. Estuaries and Coasts 31.2: 326-
 334.  
 
Del Vecchio, R. and N.V. Blough. 2004. On the origin of the optical properties of humic 
 substances. Environmental Science & Technology 38.14: 3885-3891.  
 
Downing, B.D., E. Boss, B. Bergamaschi, J.A. Fleck, M.A. Lionberger, N.K. Ganju, D.H. 
 Schoellhamer, and R. Fujii. 2009. Quantifying fluxes and characterizing compositional 
 changes of dissolved organic matter in aquatic systems in situ using combined acoustic 
 and optical measurements. Limnology and Oceanography: Methods 7: 119-131.  
 
Downing, B.D., B.A. Pellerin, B.A. Bergamaschi, J.F. Saraceno, and T.E.C. Kraus. 2012. Seeing 
 the light: The effects of particles, dissolved materials, and temperature on in situ 
 measurements of DOM fluorescence in rivers and streams.  Limnology and 
 Oceanography: Methods 10: 767-775.  
Erkenbrecher, C.W. Jr. and L.H. Stevenson. 1980. Tidal and diel fluctuations in the 
 temporal concentrations of chlorophyll a and pheophytin at a station monitoring a high-
 marsh creek. Journal of Experimental Marine Biology and Ecology 48: 253-261.  
 
Fellman, J.B., E. Hood, and R.G.M. Spencer. 2010. Fluorescence spectroscopy opens new 
 windows into dissolved organic matter dynamics in freshwater ecosystems: A review. 
 Limnology and Oceanography 55.6: 2452- 2462.  
Findlay, S., K. Howe, and H.K. Austin. 1990. Comparison of detritus dynamics in two tidal 
 freshwater wetlands. Ecology 71.1: 288-295.   
 
Gedan, K.B., B.R. Silliman, and M.D. Bertness. 2009. Centuries of human-driven change in salt 
 marsh ecosystems. Annual Review of Marine Science 1: 117-141.  
 
 54 
Gedan, K.B., M.L. Kirwan, E. Wolanski, E.B. Barbier, and B.R. Silliman. 2011. Climatic 
 Change 106: 7-29.  
 
Harvey, J.W., P.F. Germann, and W.E. Odum. 1987. Geomorphological Control of Subsurface 
 Hydrology in the Creekbank Zone of Tidal Marshes. Estuarine, Coastal and Shelf 
 Science 25.6: 677-91.  
 
Hellweger, F.L., P. Schlosser, U. Lall, J.K. Weissel. 2004. Use of satellite imagery for water 
 quality studies in New York Harbor. Estuarine, Coastal and Shelf Science 61: 437-448.  
  
Helms, J.R., A. Stubbins, J.D. Ritchie, E.C. Minor, D.J. Kieber, and K. Mopper. 2008. 
 Absorption Spectral Slopes and Slope Ratios as Indicators of Molecular Weight, Source, 
 and Photobleaching of Chromophoric Dissolved Organic Matter. Limnology and 
 Oceanography 53.3: 955–969. 
 
Hemond, H.F., and J.L. Fifield. 1982. Subsurface Flow in Salt Marsh Peat: A Model and  Field 
 Study. Limnology and Oceanography 27.1: 126-36.  
Henderson, R.K., A. Baker, K.R. Murphy, A. Hambly, R.M. Stuetz, and S.J. Khan. 2009. 
 Fluorescence as a Potential Monitoring Tool for Recycled Water Systems: A Review. 
 Water Research 43.4: 863-81.  
Howes, B.L., and D.D. Goehringer. 1994. Porewater Drainage and Dissolved Organic Carbon 
 and Nutrient Losses through the Intertidal Creekbanks of a New England Salt Marsh. 
 Marine Ecology Progress Series 114: 289-301.             
                         
Intergovernmental Panel on Climate Change. 2007. 6.4.1.4 Mangroves, saltmarshes and sea 
 grasses. IPCC Fourth Assessment Report: Climate Change 2007: Working Group II: 
 Impacts, Adaptation and Vulnerability.  
 
Jordan, T.E. and D.L. Correll. 1991. Continuous automated sampling of tidal exchanges of 
 nutrients by brackish marshes. Estuarine, Coastal and Shelf Science 32: 527-545.  
 
Jordan T.E., J.W. Pierce, and D.L. Correll. 1986. Flux of particulate matter in the tidal marshes 
 and subtidal shallows of the Rhode River Estuary. Estuaries 9: 310-319.  
 
Kirwan, M.L. and J.P. Megonigal. 2013. Tidal wetland stability in the face of human 
 impacts and sea-level rise. Nature 504.7478: 53-60.  
 
Krasting, J. P., J.P. Dunne, R.J Stouffer, and R.W. Hallberg. 2016. Enhanced Atlantic sea-level 
 rise relative to the Pacific under high carbon emission rates. Nature Geoscience 9: 210-
 214. 
 
Lakowicz, J.R. 2006. Principles of Fluorescence Spectroscopy. New York: Springer.  
 55 
Mannino, A., M.G. Novak, S.B. Hooker, K. Hyde, and D. Aurin. 2014. Algorithm 
 development and validation of CDOM properties for estuarine and continental shelf 
 waters along the northeastern US coast. Remote Sensing of Environment 152: 576-602.  
 
Montalto, F.A., T.S. Steenhuis, and J.Y. Parlange. 2006. The Hydrology of Piermont Marsh, a 
 Reference for Tidal Marsh Restoration in the Hudson River Estuary, New York. Journal 
 of Hydrology 316.1-4: 108-28. 
 
Nelson, N.G., R. Munoz-Carpena, J.P. Megonigal, P.J. Neale, and M. Tzortziou. 2017. 
 Seasonal importance of hydrologic, biotic, and climatic descriptors of dissolved oxygen 
 dynamics in a shallow tidal-marsh creek. Submitted.  
 
Odum, E.P. 1980. The status of three ecosystem-level hypotheses regarding salt marsh 
 estuaries: tidal subsidy, outwelling and detritus-based food chains. Estuarine perspectives 
 485.  
 
Pederson, D.C., D.M. Peteet, D. Kurdyla, and T. Guilderson. 2005. Medieval Warming, Little I
 ce Age, and European Impact on the Environment during the Last Millennium in the 
 Lower Hudson Valley, New York, USA. Quaternary Research 63.3: 238-49.  
Peteet, D.M., D.C. Pederson, D. Kurdyla, and T. Guilderson. 2006. Hudson River Paleoecology 
 from Marshes: Environmental Change and its Implications  for Fisheries. American 
 Fisheries Society Symposium.  
Raymond, P.A. and J.E. Bauer. 2001. Riverine export of aged terrestrial organic matter to the 
 North Atlantic Ocean. Nature 409.6819: 497-500.  
 
Romera-Castillo, C., H. Sarmento, X.A. Alvarez-Salgado, J.M. Gasol, and C. Marrase. 201l. Net 
 production and consumption of fluorescent colored dissolved organic matter by natural 
 bacterial assemblages growing on marine phytoplankton exudates. Applied and 
 Environmental Microbiology 77.21: 7490-7498.  
 
Saraceno, J.F., B.A. Pellerin, B.D. Downing, E. Boss, P.A.M. Bachand, and B.A.  Bergamaschi. 
 2009. High-frequency in situ optical measurements during a storm event: Assessing 
 relationships between dissolved organic matter, sediment concentrations, and hydrologic 
 process. Journal of Geophysical Research: Biogeosciences 114.G4.  
 
Stedmon, C.A., S. Markager, and H. Kaas. 2000. Optical properties and signatures of 
 chromophoric dissolved organic matter (CDOM) in Danish coastal waters. Estuarine, 
 Coastal and Shelf Science 51: 267-278.  
 
Taft, J.L., E.O. Hartwig, and R. Loftus. 1980. Seasonal oxygen depletion in Chesapeake Bay. 
 Estuaries 3.4: 242-247.  
 
Tobias C. and S.C. Neubauer. 2009. Salt Marsh Biogeochemistry-An Overview, (p. 445-493) in 
 Coastal Wetlands: An Integrated Ecosystem Approach (editors GME Perillo, E Wolanski, 
 DR Cahoon, M Brinson), Elsevier, The Netherlands.  
 56 
Torres, R., M.J. Mwamba, and M.A. Goni. 2003. Properties of intertidal marsh sediment 
 mobilized by rainfall. Limnology and Oceanography 48.3: 1245-1253.  
 
Tzortziou M., P.J. Neale, C.L. Osburn, J.P. Megonigal, N. Maie, and R., Jaffe. 2008. Tidal 
 marshes as a source of optically and chemically distinctive colored dissolved organic 
 matter in the Chesapeake Bay. Limnology and Oceanography 53: 148–159.  
Tzortziou M., P. J. Neale, J. P. Megonigal, C. Lee Pow, and M. Butterworth. 2011. Spatial extent 
 of tidal marsh outwelling in the Rhode River, a subestuary of the Chesapeake Bay. 
 Marine Ecology Progress Series 426: 41-56.  
Vodacek, A. 1989. Synchronous Fluorescence Spectroscopy of Dissolved Organic Matter in 
 Surface Waters: Application to Airborne Remote Sensing. Remote Sensing of 
 Environment 30.3: 239-47.  
Yamashita, Y., R. Jaffe, N. Maie, and E. Tanoue. 2008. Assessing the dynamics of 
 dissolved organic matter (DOM) in coastal environments by excitation emission matrix 
 fluorescence and parallel factor analysis (EEM-PARAFAC). Limnology and 
 Oceanography 53.5: 1900-1908.  
 
Zepp, R.G., W.M. Sheldon, and M.A. Moran. 2004. Dissolved Organic Fluorophores in 
 Southeastern US Coastal Waters: Correction Method for Eliminating Rayleigh and 
 Raman Scattering Peaks in Excitation-emission Matrices. Marine Chemistry 89.1-4: 15-
 36.  
 
   
 
 
